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1. Summary  
The contamination of foods with hydrocarbon mixtures migrating from food contact materials 
(FCM) was first observed for jute and sisal bags treated with batching oil in the 1990s. Since the 
millennium, the focus has shifted to printing inks and recycled cardboard packaging as most 
recognized sources for hydrocarbon contamination from FCM. Mineral oil containing printing inks 
can either release hydrocarbons directly from the printing of folding boxes into food or indirectly 
entering the recycling chain of cardboard material by printed products, such as newspapers.  
The contamination of dry foods with mineral oil hydrocarbons (MOH) from recycled fiber 
packaging has been reported to reach up to 100 mg/kg [1]. Using LC-GC-FID technique the 
MOH were categorized into mineral oil saturated hydrocarbons (MOSH) and mineral oil aromatic 
hydrocarbons (MOAH). The molecular mass, which is assumed to be toxicological relevant, is 
derived from the GC retention times of accumulated MOSH in human tissues and is limited to 
n-C16 to n-C35 [2]. MOSH is the most significant contaminant of the human body reaching 1-10 g 
per person, which is of particular concern since a formation of microgranulomas (causing 
inflammatory reactions) in the liver was observed in rats fed with saturated hydrocarbons [3]. 
Furthermore, some MOAH are assumed to be genotoxic analogous to polycyclic aromatic 
hydrocarbons [3]. In the latest draft of a German ‘Mineral Oil Regulation’ the following limits for 
the migration of MOH from recycled fiber are proposed: for MOSH C16-20 4.0 mg/kg, MOSH C21-35 
2.0 mg/kg and for MOAH 0.5 mg per kg food [4].  
Functional barriers reducing the migration of undesirable compounds from recycled cardboards 
(such as MOH and other contaminants) could be a part of the solution for this issue. Supporting 
that approach in this study, the boxes of recycled cardboard featuring a barrier layer on the 
internal surface or an integrated adsorbent available early in 2014 were investigated for their 
efficiency in reducing migration of mineral oil hydrocarbons into dry food. A practice-oriented 
one-year storage test was performed with wheat flakes in seven configurations: a box of virgin 
fibers, two boxes of unprotected recycled cardboard, three cardboards with barrier layers (a 
flexo-printed polyacrylate layer, a polyvinyl alcohol coating and a multilayer involving polyester) 
and a cardboard containing activated carbon. The highest migration of MOH (C16-24) was 
observed in the boxes of unprotected recycled cardboard (MOSH: 11.4 mg/kg, MOAH: 2.4 
mg/kg). Of the three investigated barrier layers only two reduced migration of MOH into food 
below the limits of the 3rd draft of the German mineral oil ordinance (2014) until the end of shelf 
life. The cardboard box involving active carbon as adsorbent prevented detectable migration of 
mineral oil hydrocarbons (<0.1 mg/kg). In the case of virgin fiber, which was virtually free of 
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MOH (<1 mg/kg), migration close to the proposed limits was detected (C16-24, MOSH: 1.5 mg/kg, 
MOAH: 0.4 mg/kg). Therefore, it has been proven that the transport box (corrugated board) 
substantially contributed to the transfer of MOH into food. 
Plastic FCM can also release hydrocarbons, such as polyolefin oligomeric hydrocarbons (POH), 
into food. These POH are of synthetic nature and are formed during the polymerization process 
of polyolefins (150 – 3000 mg/kg in granulates of homo/hetero polymers involving ethylene and 
propylene). This group of synthetic contaminants contain also saturated hydrocarbons (POSH) 
analogous to mineral oils, but contrary no aromatic hydrocarbons. Further, a significant amount 
(10 – 50%) of monounsaturated hydrocarbons (POMH) was determined in the oligomeric 
fraction of polyolefins, which are not detectable in mineral oil products. Therefore, these POMH 
can be used as a marker for POH migration. A method based on two-dimensional high 
performance liquid chromatography on-line coupled to gas chromatography (on-line HPLC-
HPLC-GC) was developed to enable the separate analysis of saturated, monounsaturated and 
aromatic hydrocarbons in extracts of packaging materials like polyolefins or paperboard and 
foods, repectively. It is an extension of the HPLC-GC method for MOSH and MOAH [1] using an 
additional argentation HPLC column, since normal-phase HPLC on silica gel did not preseparate 
saturated from monounsaturated hydrocarbons. Further, this method and comprehensive two-
dimensional GC (GCxGC) was used to investigate the concentration of different oligomer types 
in polypropylene (PP) and polyethylene (PE) based sealing layers as well as their corresponding 
granulates. The analyzed sealing layers contained 180-995 mg/kg POSH and 90-435 mg/kg 
POMH (C16-35). Only in sealing layers involving low-density PE, oxidized polyolefin oligomers as 
well as cyclic oligomers (alkylated cyclopentanes and -hexanes) have been detected. The 
transfer of POH (C16-35) from the investigated sealing layers into food can be substantial (>50%) 
and can reach more than 2 mg per kg food. The level of contamination depends on the oligomer 
content of the sealing layer, the fat content of the food, the processing temperature and the 
surface-volume ratio.  
Hot melt adhesives are widely utilized to glue cardboard boxes used as food packaging material. 
The analysed raw materials of hot melts mainly consisted of paraffinic waxes, hydrocarbon 
resins and polyolefins. The hydrocarbon resins, functioning as tackifiers, were the predominant 
source of hydrocarbons of sufficient volatility to migrate via gaseous phase into dry foods. The 
18 hydrocarbon resins analyzed contained 8.2-118 g/kg saturated and up to 59 g/kg aromatic 
hydrocarbons (C16-24). These synthetic tackfier resins, especially the oligomers ≤C24, have been 
characterized structurally and migration into food was estimated using a food simulant and by 
the analysis of real food samples. About 0.5-1.5 % of the potentially migrating substances 
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(C16-24) of a hot melt were found to be transferred into food under storage conditions, which can 
result in a food contamination of approximately 1 mg/kg food in this case. The order of 
magnitude depends on the absolute amount of potentially migrating substances from the hot 
melt, the hot melt surface, contact time, amount and type of foods. 
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2. Abbreviations 
BfR  German Ministry for Risk Assessment 
BMELV German Ministry for Nutrition, Agriculture and Consumer Protection 
BMEL  German Ministry for Nutrition and Agriculture 
CPD  Cyclopentadiene 
Cycy  Cyclohexyl cyclohexane 
DBE  Double bond equivalents 
DCPD  Dicyclopentadiene 
EC  European Commission 
EFSA  European Food Safety Agency 
EU  European Union 
FCM  Food contact materials 
FID  Flame ionization detector 
GC  Gas chromatography 
GMP  Good manufacturing practice 
HMA  Hot-melt adhesive 
HPLC  High-performance liquid chromatography 
HR  Hydrocarbon resin 
LDPE  Low-density polyethylene 
LLDPE  Linear low-density polyethylene 
LOD  Limit of detection 
MOH  Mineral oil hydrocarbons 
MOAH  Mineral oil aromatic hydrocarbons 
MOSH  Mineral oil saturated hydrocarbons 
MS  Mass spectrometry 
NIAS  Non-intentionally added substances 
NMR  Nuclear magnetic resonance 
PE  Polyethylene 
PP  Polypropylene 
POH  Polyolefin oligomeric hydrocarbons 
POMH  Polyolefin oligomeric monounsaturated hydrocarbons 
POSH  Polyolefin oligomeric saturated hydrocarbons 
PTV  Programmed temperature vaporizing 
SML  Single migration limit 
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SVE  Solvent vapor exit 
TDI  Tolerable daily intake 
TOF  Time of flight 
TTC  Threshold of toxicological concern 
UVCB  Substance of Unknown or Variable composition, Complex reaction products or 
Biological materials 
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3. General Introduction 
3.1. Food Contact Materials 
In Article 1 of Reg. (EC) 1935/2004 [5], Food Contact Materials (FCM) are defined and 
described as follows: “… materials and articles, which in their finished state: a) are intended to 
be brought into contact with food; or b) are already in contact with food and were intended for 
that purpose; or c) can reasonably be expected to be brought into contact with food or to transfer 
their constituents to food under normal or foreseeable conditions of use.” 
Food packaging provides a lot of advantages concerning shelf life, freshness, transport, 
communication and convenience of food. The main materials in use can be categorized in 
plastics (polymers including elastomers), glass, metal, paper and board. Plastics (37%) and 
paper & board (34%) dominated the market shares in 2011 [6] (Figure 1). The mentioned 
materials are often combined for the final packaging system, whereby other minor components 
are also used, such as printing inks, adhesives, coatings and lacquers. Plastic packaging 
intended for food contact can be grouped into rigid products, such as bottles and cups, and 
flexible products, such as mono- and multilayer films. The most used polymer types intended for 
these applications are polyolefins, polyesters, polystyrenes, polyamides and polyvinyl chlorides. 
Polyolefins, such as polyethylene (PE) and polypropylene (PP), represent a market share for 
plastic food packaging of >50% [7]. All these FCM are known to release substances into the 
packed food, a progress called migration.  
 
Figure 1. Market Shares of food packaging materials in 2011 according to [6]. 
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Regulation (EC) 1935/2004 [5] deals with these undesirable compounds and sets general rules, 
which are specified in Art. 3: “Materials and articles must not transfer constituents to food in 
quantities that could endanger human health, bring about an unacceptable change in the 
composition or deteriorate the organoleptic characteristics.” The latter is often the major issue in 
the quality system of the producers, since an off-flavor leads to rejection of the consumer. The 
other two issues are not less important, but cannot be monitored by sensory evaluations and 
demand a brought knowledge of the packaging materials in use. The compliance with Art. 3 of 
Reg. (EC) 1935/2004 at all stages of manufacture is specified in the GMP (good manufacturing 
practice) Regulation (EC) 2023/2006 [8]. The communication from the raw material producers 
(e.g.: producer of polyolefin granulates) over the converter (e.g.: producer of flexible or rigid 
plastics) to the food producer (e.g.: filler and distributor) is important, since the knowledge about 
the FCM and its raw materials decrease until the stage of the distributing company. The other 
way around, the raw material producers are often not fully aware of the use of their products in 
food contact. For this reason, a disclaimer is often used in the declaration of compliance (DoC), 
which delegates the risk assessment of undesirable migrating compounds from the FCM into the 
food to the distributor. In the proper sense, every stage of manufacture should assess their 
process or products to support the good manufacturing practice in the DoC (amended by 
supporting documents), which especially could inform the next stages about potentially migrating 
substances and their toxicological evaluation.  
For plastic materials, Reg. (EU) 10/2011 [9] sets more precise benchmarks categorized in the 
principles of quality and safety. The complete migration of substances and the “unacceptable 
change in the composition” is covered by the overall migration limit (10 mg/dm²) in accordance 
with the principle of quality (inertness). This limit is controlled by migration tests with simulants 
typically imitating the food matrix and the processing parameters, such as time and temperature. 
A Union (positive) List of authorized monomers and additives regulates the migration of these 
substances into food, which could “endanger human health”, by single migration limits (SML) 
and group restrictions. The Principle of Safety demands also a compliance with Art. 3 in Reg. 
(EC) 1935/2004 of non-listed substances, which shall be assessed in accordance with 
internationally recognized scientific principles on risk assessment (Art. 19 in Reg. EU 10/2011). 
This is valid especially for Non-Intentionally Added Substances (NIAS), such as oligomers, 
impurities, contaminants, reaction and degradation products. In accordance with the GMP 
Regulation [8], the analysis and risk assessment of NIAS has to be performed at every stage of 
the manufacturing chain. Thus, the responsibility is shared at early stages in the supply chain 
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and the DoC (amended by supporting documents) assists the distributors by their legally 
required compliance work, which enables finally the minimum level of consumer protection. 
3.2. Mineral oil hydrocarbons 
Mineral oil hydrocarbons (MOH) can be classified into mineral oil saturated hydrocarbons 
(MOSH) and mineral oil aromatic hydrocarbons (MOAH). MOSH consists of open-chain and 
naphthenic hydrocarbons, whereby MOAH are usually highly alkylated and contain at least one 
aromatic ring (Table 1). In principle, these substances are from natural origin and were 
processed by distillation and some by hydrogenation.  
Table 1. Chemical structures of MOSH and MOAH [3]. 
MOSH  
Alkanes 
 
Naphthenes 
 
 
MOAH  
Mono-aromatics 
 
Di-aromatics 
 
Poly-aromatics 
 
 
The usage of mineral oil mixtures varies from medical applications over care products to fuels 
and machine oils. Therefore, the applications require different properties of the respective 
mineral oil preparation, such as viscosity (molecular weight distribution), neutral sensory 
properties and avoidance of aromatic compounds. Mineral oils are also used for FCM, such as 
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polymer additives (FCM No. 93, 94, 95 in Reg. 10/2011 [9]), batching oils, paraffinic waxes, 
printing inks, solvents and processing aids. 
The analysis and migration of mineral oils is a scientific aim of the Official Food Control Authority 
in Zurich since 25 years and the following recent publications are based on or at least connected 
with the findings of the working group under the supervision of Dr. Konrad Grob [10]. In 2008, 
Ukrainian sun flower oil was under suspect to be contaminated with mineral oil up to 0.2 % [11]. 
The European Commission set a temporary restriction of 50 mg/kg to remain in control of the 
situation [12]. In the same year, Concin et al. [2] showed that mineral oil paraffins accumulated 
in human tissue in the molecular range of n-C17 to n-C32. They stated that even during lactation 
mineral oil was transferred into breast milk and subsequently consumed by infants. In 2009, the 
German Federal Institute for Risk Assessment (BfR) released a statement on the migration of 
mineral oils from packaging materials into food [13]. The main sources were assigned to 
recycled paper and board as well as printing inks used for food contact materials, which is based 
on the findings described in [1] [14]. The BfR also recommended that the introduction of a 
functional barrier could help to ensure safety. In 2010, the Federal Ministry of Nutrition, 
Agriculture and Consumer Protection in Germany (BmELV) started a campaign to assess the 
migration of MOH and other contaminants migrating from recycled cardboard into food [15]. 
Besides the substantial contamination of dry foods with mineral oil, this study revealed that more 
than 200 unknown substances are able to migrate resulting in a concentration of > 10 ppb into 
food [16] [17]. In 2011, the German Federal Institute for Risk Assessment (BfR) set a migration 
limit for the C10-16 MOSH (white oils used as solvents) of 12 mg/kg food on the basis that they are 
not accumulated in the human body [18]. It specified a limit of 4 mg/kg for the subsequent 
fraction of the C17-20 MOSH in 2012 on the basis that these are still hardly observed in rat liver 
[19].  
Also in 2012, the European Food Safety Agency [3] published a scientific opinion on mineral oil 
hydrocarbons in food. It includes an estimate of human exposure. As there are probably 
carcinogenic components among the MOAH, no safe dose could be established. For MOSH, the 
data base was considered insufficient for setting a tolerable daily intake (TDI) because of 
insufficient specifications of the mixtures used for testing and unknown accumulation in human 
tissues. For both MOSH and MOAH, present human exposure was considered of “potential 
concern”. The sources of MOH entering the food were divided into environmental (e.g.: exhaust 
from engines), food additives (e.g.: glazing agents), pesticides (e.g.: formulation aids), animal 
feed (e.g.: binder for vitamins), harvesting and processing (e.g.: machine oils from harvesters 
and mills, de-dusting and release agents) as well as food contact materials. Especially food 
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packaging were reported to release MOH into food, such as jute & sisal bags, waxed packaging 
materials, wax coatings, plastic materials, lubricating oils for cans, printing inks, recycled 
cardboard and adhesives.  Furthermore, the occurrence of natural hydrocarbons in organisms, 
such as terpenes and odd-numbered n-alkanes in plants, was reported. 
Functional barriers to reduce the migration of undesirable compounds (including MOH) from 
recycled paper and board are not only recommended from the BfR [13] but also from the 
Austrian [20] and Swiss authorities [21]. The implementation in the food packaging can be 
applied by inner bags containing a barrier layer or by modification on the cardboard, such as 
barrier coatings, as well as incorporated adsorbents, such as active carbon, in the cardboard. 
Barrier coatings and adsorbents incorporated on/in cardboard have not yet been investigated for 
their efficiencies of preventing detectable migration. For inner pouches, different suitability of 
barrier materials and the corresponding test for barrier efficiencies have been released from the 
Joint Industry Group of the Swiss Packaging Institute in 2016 [21]. As already shown by Richter 
et al. [22], suitable barrier solutions within flexible packaging, including polyester and polyamide 
films as well as aluminum foil, have already been on the market in 2014.  
3.3. Synthetic hydrocarbons 
The manufacture of polymers leads to a product-specific molecular weight distribution which 
goes hand in hand with a certain proportion of low molecular compounds able to leave the 
polymer matrix under adequate conditions. The most used polymers for FCM are polyolefins. 
The physical properties are characterized by crystallinity, density, melt flow index, melting point 
and molar mass distributions (Mn – number average molar mass or MW – mass average molar 
mass). The major types of polyolefins (Figure 2) on the market are polyethylene (PE) and 
polypropylene (PP). The manufacture of polyolefins is generally divided into high-pressure 
(1500-3500 bar) and low-pressure (<100 bar) processes [23]. High-pressure products are made 
by free radical polymerization using radical initiators and result in a high degree of branched 
polymer chains (Figure 3), such as low density polyethylene (LDPE). Linear low density 
polyethylene (LLDPE) and high density polyethylene (HDPE) are synthesized under low-
pressure using transition metal catalysts (Ziegler-Natta or Metallocene). These products contain 
commonly less branching than LDPE. Their degree of short chain branching, especially 
regarding LLDPE, is depending on the usage of co-monomers like butene, hexene or octene. 
For the manufacture of PP also a catalytic low-pressure process is performed. Due to the 
monomer propylene the polymer is methyl-branched, whereas mostly isotactic PP is in use for 
FCM. 
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Figure 2. Chemical structure of polyethylene (left) and polypropylene (right) 
 
Figure 3. Illustration of the degree of branching for different polyethylenes according to [24] 
In general, LDPE, LLDPE and PP are utilized for flexible packaging like films and bags. Different 
types of PE or PP are often mixed to produce sealing layers with specific physical properties. 
For rigid plastics, mostly HDPE or PP are in use due to their high crystallinity. 
Since the polymerization process of polyolefins leads to a broad distribution of molecular weight, 
the outcome is a mixture of synthetic hydrocarbons ranging from a low to a high molecular 
weight (<100 – >1000000 Da [23]). The relatively small molecules are able to migrate via 
gaseous phase (<350 Da or ≤C24) or via direct contact into food, which was observed from 
Biedermann-Brem et al. in 2012 [25]. The authors used the HPLC-GC-FID method for mineral 
oils, since polyolefin oligomeric saturated hydrocarbons (POSH) and MOSH co-elute on silica 
gel due to their structural similarity. Further the authors stated, that the contamination of 
powdered formulas (for infants) from polyolefinic sealing layers reached 1 mg per kg food and 
for fatty food 10 mg/kg in the molecular range of C16-35, which is assumed to be toxicological 
relevant in respect to the findings regarding mineral oils. 
The characterization of polyolefin oligomers is still a pioneer topic due to the low number of 
publications available. Generally, oligomers of polyolefins form complex mixtures, which 
complicates their investigation. Dilettato et al. [26] detected oligomers with a molecular range of 
C12-32 in hexane extracts of LDPE by GC-MS. The authors tentatively identified triplets of n-
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alkanes, n-alkenes and n-alkylcycloalkanes for the even-numbered hydrocarbons in these 
extracts. Greenwood [27] compared oligomers in polypropylene (PP) granulates with highly 
branched alkanes in different environmental hydrocarbons of microbial origin. He showed that 
several oligomer peaks are attributable to monounsaturated vinylidenes, besides the 
predominant proportion of saturated oligomers. The peak pattern of the GC analysis revealed 
humps of isomeric substances with a C3-interval between them. Van Castelli et al. [28] identified 
the structural properties of monounsaturated hydrocarbons from a linear low density 
polyethylene (LLDPE) by 1H and 13C NMR. The major species were olefins with double bonds in 
alpha, beta or gamma position and vinylidenes. These publications show that the saturated 
hydrocarbons predominate the oligomers, but also that there may be a substantial proportions of 
olefins. 
Other synthetic hydrocarbons, somehow a special kind of polyolefins, are hydrocarbon resins. 
The molecular weight of these products (Mn: roughly 1000 Da [29]) differentiates them from the 
polymeric polyolefins. Hydrocarbon resins are used in substantial amounts (up to 50%) as 
tackifying component in adhesives, such as hot melt adhesives (HMA) or pressure sensitive 
adhesives. For the synthesis of hydrocarbon resins, feed stocks of unsaturated compounds from 
cracking petroleum streams, such as naphtha, are used (by-products of ethylene production) 
[29]. The predominant feedstocks are C5 (mostly piperylenes), C9 (mostly vinyltoluenes, indenes) 
and DCPD (mostly dicyclopentadienes, cyclopentadienes). The polymerized products are 
hydrogenated to a certain degree after synthesis and possess a broad distribution of molecular 
weight. The final adhesive is used to glue cardboard folding boxes or plastic layers designated 
for food among other goods. The migration of hydrocarbons from adhesives, whether from 
synthetic or paraffinic origin, and their identification were barely investigated in the past. In 2006, 
Bradley et al. [30]  investigated HMA among other adhesives and performed a GC-MS 
screening. Three of the investigated HMA exhibited a peak pattern unlike known from mineral oil 
hydrocarbons. They observed distinct humps (2-4) of unresolved peaks in each sample. The 
mass spectra did not lead to sufficient library matches, but the authors assumed that some of 
these compounds originated from terpenes. A second paper about this topic was published by 
Canellas et al. [31]. They analyzed polyolefin-based HMA by head-space and conventional GC-
MS. Predominantly saturated and aromatic hydrocarbons were identified. The n-alkanes (C10-26) 
were attributed to paraffins and the “polycyclic aromatic components” to a “wax, oil or 
hydrocarbon resin”. In 2015, Barp et al. [32] [33] reported the migration of saturated 
hydrocarbons from a HMA in recycled and virgin fiber cardboard folding boxes into pasta. In the 
MOSH fraction of the HPLC-GC-FID method, a hump centered at the GC retention time of n-C17 
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largely originated from the HMA and reached 5.2 mg/kg in the pasta (virgin fiber; storage time: 2 
years). The HMA formulation was not described. 
In the scientific opinion on mineral oil hydrocarbons in food [3], EFSA mentioned also polyolefin 
oligomers and similar hydrocarbons from adhesives as a source of contamination for 
hydrocarbons in foods, but did not go into detail. The most important statements regarding 
synthetic hydrocarbons are cited in the following:  
“Sources, occurrence and exposure assessment: Polyolefins contain low molecular weight 
oligomers, including saturated hydrocarbons (POSH) and olefins. In most polyolefins, POSH 
largely consist of branched components forming patterns of unresolved peaks … Depending on 
the type of food (dry, aqueous or fatty), the polymer type and thickness of the polyolefin layer, as 
well as the nature of contact with the packed food (temperature, time) these oligomers can 
migrate into the food at levels from the low ppm range (1 – 10 mg/kg) up to the overall migration 
limit of 60 mg/kg.“ 
“Advice on future monitoring: „Distinction of hydrocarbons, such as Poly Alpha Olefins and 
POSH, from the MOSH, if possible.” 
“Conclusions: Contamination with polyolefin oligomeric saturated hydrocarbons (POSH), e.g. 
from plastic bags, heat sealable layers or adhesives, may interfere with MOSH analysis.“ 
3.4. Multidimensional Analysis 
Multidimensional analysis enables a broader analytical approach regarding automation, 
preseparation and identification. Hydrocarbon mixtures form usually irregular humps of isomeric 
and unresolved substances in GC, a second dimension whether additional LC or GC enables an 
increased selectivity and a categorization in subgroups.  
First reports of coupling high-performance liquid chromatography to gas chromatography 
(HPLC-GC) date back to the 1980s [34]. Already in those days mineral oil analysis was one of 
the most frequent applications. In 1991, the first publication about migrating hydrocarbons 
involving HPLC-GC was dealing with batching oil from jute and sisal bags [35]. In some 
investigations, HPLC fractionation was already used to preseparate saturated and aromatic 
hydrocarbons from each other as well as from food matrices prior to GC analysis [36] [37]. The 
development to a robust routine method to determine MOSH and MOAH took roughly 20 years 
until 2009 [1], which may also be traced back to the little public interest in mineral oil 
contaminated food prior to the millennium. This recent method is based on a normal-phase 
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HPLC separation (silica gel) prior to a conventional GC analysis to retain interfering materials, 
such as triglycerides in foods and additives in FCM, and to preseparate MOSH & MOAH in two 
fractions. The large volume transfer into GC and the subsequently automated analysis is based 
on partially concurrent eluent evaporation, whereby solvent trapping and the retention gap 
technique are the fundamentals (Figure 4).  
 
Figure 4. GC setup involving partially concurrent eluent evaporation (1), retention gap technique (2) 
according to [38]. 
 
The usage of HPLC fractionation prior to GC analysis can also be extended to more polar 
substance groups than MOH, which was shown by the working group of Konrad Grob for a 
comprehensive analysis of recycled cardboard [39] [40] as well as polypropylene [41]. Figure 5 
shows the fractionation and the corresponding eluent stated by the authors, whereas a 
preseparation of six different fractions was performed. Fraction 1 contained aliphatic 
hydrocarbons (MOSH) and fraction 2 aromatic hydrocarbons (MOAH). The other fractions 
contained more polar substances (order with increasing polarity): ethers and butyl, isooctyl  
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esters in fraction 3; carbonyls and methyl, ethyl, isopropyl esters in fraction 4; phthalates, 
photoinitiators, diesters, phenols and branched alcohols in fraction 5; alcohols, triesters and 
acrylates in fraction 6. Substances like carboxylic acids have to be derivatized prior to analysis. 
Thus, this two-dimensional technique enables a GC analysis after preseparation of defined 
substance groups from the ‘forest of peaks’ which is a step forward compared to one-
dimensional GC.  
 
Figure 5. Eluent proportion of HPLC fractionation prior to GC transfer according to [40]. 
Another multidimensional technique is comprehensive GC (GCxGC), which is applied 
predominantly for the analysis of petrochemical samples containing a very large number of 
linear, branched, cyclic alkanes and alkenes, aromatics and hetero-atomic compounds. In 1995, 
the first approach of GCxGC was published by Phillips et al [42]. In principle, two GC 
separations based on different stationary phases are used in order to gain orthogonal separation 
conditions [43]. A cryogenic jet or loop modulator is applied to separate the first-column eluate 
into a large number of small fractions. Each individual fraction is refocused and eluted 
subsequently on the second-column. The modulation time is connected with the elution time in 
the second-dimension to rule out wrap-arounds. The separation in this column is faster (1 – 
10 s) compared to roughly 30 – 120 min for the first-dimension. The classical setup is a non-
polar 1st column and a polar 2nd column, but there are also reports of the ‘reversed setup’ 
consisting of a polar column first and a non-polar column as the second. The reversed setup is 
often applied for the analysis of hydrocarbons from FCM, such as the distinction of synthetic and 
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mineral oil hydrocarbons [44]. Contrary to the regular chromatogram of HPLC-GC, the GCxGC 
run produces a large series of short second-dimension chromatograms, which have to be 
transformed to two-dimensional plots by a special software. Therefore, the modulation intervals 
after the first-dimension separation form the coordinates on the x-axis and the second-dimension 
chromatograms used for the y-axis. The intensity is mostly displayed by colorization. The 
advantages of two-dimensional GC to conventional GC are among others improved peak 
capacity and analyte separation, which leads to less interfering by matrix components and 
enables group-type analysis with tentative classification of unknowns [45].  
 
Figure 6. GCxGC schema featuring the signal transformation and visualization according to [45]. 
 
3.5. Aim 
One aim of this study was to investigate the composition and the migration of synthetic 
hydrocarbons from polyolefins and hot-melt adhesives. The differentiation of these food 
contaminants from MOH was of major interest, since the lack of data led to misunderstandings in 
routine analysis. For that, existing methods for multidimensional chromatography (HPLC-GC, 
GCxGC) were used and a new method for separating saturated and monounsaturated polyolefin 
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oligomers was developed (HPLC(Ag+)-HPLC-GC). A group-type analysis for these complex 
hydrocarbons mixtures should be achieved to support their toxicological evaluation in the future. 
Another scope of this study was to examine the effectiveness of functional barriers on or 
adsorbers in cardboard packaging, respectively (without internal bags). Three folding boxes with 
integrated functional barriers and one with an adsorbent were investigated with FT-IR 
spectroscopy and the barrier efficiencies were tested. Therefore mineral oil migration was 
monitored in a 12-months storage test under realistic conditions with wheat cereals as food 
using the modified cardboards and common cardboards as packaging materials. The folding 
boxes were packed in a transport box (corrugated board) wrapped in aluminum foil in order to 
prevent further contamination from outside and investigate migration from the corrugated board, 
respectively.   
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4. Functional barriers or adsorbent implemented in folding boxes 
Chapter 4 has already been published: M. Lommatzsch, M. Biedermann, K.Grob, T.J. Simat, ‘Functional 
barriers or adsorbent to reduce the migration of mineral oil hydrocarbons from recycled cardboard into dry 
food’, Eur. Food Res. Technol. 242, p. 1727, 2016 
4.1. Introduction 
The use of recycled cardboard supports sustainability, but is of limited suitability for food contact 
material (FCM) because of many uncontrolled substances introduced by the recycled materials. 
The toxicological evaluation of migrating substances from recycled cardboard, whether used for 
primary or secondary packaging, seems to be a Sisyphean task due to the high number of 
unknown substances and their variability [39]. The introduction of a functional barrier, as 
recommended by the German Federal Institute for Risk Assessment (BfR) [13], could help to 
ensure safety. Barrier layers can be placed on the food contact side of folding boxes or 
integrated into an internal bag.  
Internal bags with barrier properties have been used for a long time, e.g. against water vapor, 
gas or aroma permeability. In order to avoid the transfer of MOH and other contaminants from 
recycled board cartons, internal bags with functional barriers against migration have been 
introduced to the market. Their efficiency can be determined by methods described in refs. [3 6] 
[46] [47] [48] [49]. In 2013, Richter et al. [22] investigated internal bags from the Swiss and the 
German market for their barrier properties, using the method described in [49]. This method 
involved four surrogate substances of similar volatility, but covering a broad range of polarity: n-
heptadecane, 4-methyl benzophenone, dipropyl phthalate and triethyl citrate. The authors 
categorized bags in five classes: I – no barrier, II – barrier substantially reducing migration, III – 
still incomplete barrier, IV – virtually tight barrier, V – complete barrier (aluminum foil). Of the 87 
bags investigated, 50 % had substantial or strong barrier properties, which was a remarkable 
improvement compared to the findings from 2010 [50] [17].  
Cardboards with a barrier layer on the food contact surface are a more recent development. In 
summer 2015, coated boards were advertised from Mayr-Melnhof (Foodboard®; [51]) and Weig 
(Unifood®; [52]). BASF offered Ecovio® PS 1606 (polylactic acid and polyester from 1,4-
butanediol, adipic and terephthalic acid) and Epotal® A 816 (acrylate copolymer) for coatings 
[53] [54]. Laminated boards were available from Mondi (Miprotex®; [55]) and Van Genechten 
Packaging (WLC Food Safe® [56]).  
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A different approach was chosen by Smurfit Kappa: they introduced an adsorbent (active 
carbon) into the recycled cardboard to prevent the release of contaminants into the food 
(Catcherboard MB12®; [57]).  
Guazzotti et al. [58] investigated the barrier properties of starch-based coatings on cardboard 
against n-alkanes (C10-40). A migration test was performed at 40 °C for 10 days with modified 
polyphenylene oxide (Tenax®) as simulant for dry foods. The authors showed significantly 
reduced migration (e.g. by a factor of 5-20 for n-octadecane, depending on the modification of 
the starch-based coating). According to BASF, a 15 µm layer of Ecovio® PS 1606 reduced the 
migration of n-octadecane by a factor 2850, that of n-docosane and 4-methylbenzophenon by 
factors of 110 and 775, respectively [53]. Foodboard® from Mayr-Melnhof was tested in real 
applications and reported to reduce the migration of mineral oil below the detection limit [59]. 
Food packed in Unifood® cardboard boxes from Weig contained less than 0.6 mg/kg mineral oil 
saturated hydrocarbons (MOSH) and less than 0.15 mg/kg mineral oil aromatic hydrocarbons 
(MOAH) after storage during one year at ambient temperature [52]. 
The migration of mineral oil hydrocarbons (MOH) from recycled cardboard into dry foods was 
determined in a survey comprising 119 products samples in April 2010 from the German market 
[50] [17]. At the end of their shelf life or 16 months after collection, the average MOSH 
concentration in the foods amounted to 14.3 mg/kg, with a maximum at 101 mg/kg. The average 
MOAH concentration was 2.2 mg/kg, with a maximum at 13.2 mg/kg. The majority of the packs 
included an internal bag, but mostly of weak barrier efficiency. 
Several publications dealt with the migration of MOH from transport boxes (often of corrugated 
board) through cardboard primary packaging. During 65 days, the transport box contaminated 
the bottom packs of noodles in fresh fiber cardboard and wrapped in a polyethylene film with 6.1 
mg/kg MOSH [60]. Contrary to that, Suortamo et al. stated that storage in corrugated board 
transport boxes had no influence on the MOH concentration of dry foods packed in virgin board 
with an inner bag of high density polyethylene [61]. Most recently, Barp et al. investigated among 
others the influence of corrugated board on the MOH migration into pasta packed in recycled 
and virgin board. An increased contamination with diisopropyl naphthalene (marker for recycled 
cardboard) was observed for samples stored in a transport box. Migration of MOSH from the 
transport box was particularly evident for virgin fiber cardboard as primary packaging, but only 
reached around 1.0 mg/kg [32] [33].  
MOH analysis was performed by high-performance liquid chromatography on-line coupled to gas 
chromatography with flame ionization detection (HPLC-GC-FID) [38] [62]. Normal-phase HPLC 
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separated the hydrocarbons into saturated and aromatic species. The corresponding fractions 
were transferred on-line to GC. Detection was by FID, since this detector provides virtually equal 
response per mass for all hydrocarbons (i.e. circumvents the problem of response calibration). 
Transfer mostly occurred by an on-column method, such as the Y-interface [63].  
Toxicity of mineral oils has been evaluated several times. The most thorough and recent 
evaluation is from the European Food Safety Authority (EFSA; 2012) [3]. It includes an estimate 
of human exposure. As there are probably carcinogenic components among the MOAH, no safe 
dose could be established. For MOSH, the data base was considered insufficient for setting a 
tolerable daily intake (TDI) because of insufficient specifications of the mixtures used for testing 
and unknown accumulation in human tissues. For both MOSH and MOAH, present human 
exposure was considered of “potential concern”.  
In 2011, the German Federal Institute for Risk Assessment (BfR) set a migration limit for the 
C10-16 MOSH (white oils used as solvents) of 12 mg/kg food on the basis that they are not 
accumulated in the human body [18]. In 2012, it specified a limit of 4 mg/kg for the subsequent 
fraction of the C17-20 MOSH on the basis that these are still hardly observed in rat liver [19]. In a 
draft for a regulation, the German Federal Ministry of Food and Agriculture (BMEL) proposed 
limits for MOSH above C20 of 2 mg/kg (C21-35) and for MOAH of 0.5 mg/kg (≤C35) [4]. MOSH have 
recently been shown to be the by far largest contaminant in the human body, sometimes 
exceeding 10 g per person [64] [65]. Some hydrocarbons might be accumulated over lifetime 
because of lacking routes for elimination. 
In this study, data is presented on the MOH migration monitored during a year for the folding 
boxes with barrier layers or incorporated active carbon that were available to a major food 
producer early in 2014. It is compared to cardboard without barriers or absorbent. The boxes 
were industrially filled with a dry food (a breakfast cereal). For comparison, the barrier 
efficiencies were tested. 
4.2. Results and Discussion 
4.2.1. Characteristics of cardboards 
The suppliers classified the cardboards without barrier properties as recycled, hybrid and virgin 
fiber (Table 2). While the recycled cardboard was conventional, with a typical content of MOH 
(Table 2; [62]), the hybrid cardboard was made of a mixture of virgin fiber, white recovered and 
mixed recovered fibers. Of cardboards with a barrier layer, microtome cuts were prepared and 
examined by transmitted light microscopy. The thicknesses of the layers were determined using 
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imaging software (Figure 7).Then the layers were investigated by FT-IR-ATR to characterize the 
polymer type. For the multilayer it was necessary to expose the internal layer by dissolving outer 
layers and adhesives. The results are summarized in Table 2. 
Table 2. Categorization of the cardboard folding boxes; concentrations of MOSH (C16-24) and MOAH (≤C24). 
Sample Cardboard MOSH 
C16-24 
[mg/kg] 
MOAH 
≤C24 
[mg/kg] 
Barrier/adsorbent 
RC Recycled 345 95 --- 
HC Hybrid 155 35 --- 
VC Virgin fiber <1 <1 --- 
HCPVOH Hybrid 140 35 Polyvinyl alcohol coating (5 µm) 
RCPES Recycled 320 80 Multilayer of polyester (7 µm; food contact), 
ethylene methyl acrylate copolymer (4 µm), 
polyethylene (5 µm) 
RCAcryl Recycled 380 90 Flexo-printed polyacrylate layer (5-8 µm) 
RCAC Recycled 550 130 Active carbon as adsorbent, polyvinyl alcohol 
coating (2 µm) 
Corrugated 
board 
Recycled + 
virgin fiber 
125 30 --- 
 
 
Figure 7. Microtome cut of cardboard with a multilayer as migration barrier (RCPES). 
4.2.2. Test of barrier efficiencies 
Barrier efficiencies were determined with surrogate substances as percentage of the equilibrium 
concentration in the receptor (total migration) [49]. None of the three cardboards revealed 
efficient barrier properties (Table 3). After 11 weeks at 40 °C, according to the Arrhenius 
equation and the activation energy assumed in the EU plastic Regulation 10/2011 corresponding 
to 1 year at the regulatory room temperature of 25 °C, the migration of the hydrocarbon C17 
through the PVOH-coated hybrid cardboard (HCPVOH) corresponded 47 % of the equilibrium in 
the test arrangement. For methyl benzophenone (MBP) and dipropyl phthalate (DPP) it was 14 
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and 15 %, respectively, while no significant migration of triethyl citrate (TEC) was measured. 
Migration was substantial already after 2 weeks. Since equilibration without the barrier is virtually 
complete within 1-2 weeks [49], a significant slowing of the migration is noticed, but the barrier is 
far from being tight, particularly for non-polar constituents in the cardboard. Since warming to 40 
°C could have altered the barrier properties, the test was also performed at laboratory 
temperature. The results were even higher than extrapolated from the 40 °C tests: after 12 
weeks, migration of the hydrocarbon C17 had reached 35 % of the equilibrium distribution, that 
of MBP 13 %. The test results for the polyester-coated recycled cardboard (RCPES) were 
somewhat better. The coating with polyacrylate (RCAcryl) only showed weak barrier properties, 
since migration of 3 of the 4 surrogate components exceeded 50 % after 2 weeks at 40 °C or 12 
weeks at RT. 
Table 3. Results obtained from the test on barrier efficiencies. 
Sample Conditions  Migration (%) 
Weeks °C  C17 TEC MBP DPP 
HCPVOH 12 RT  35 <1 13 6 
 2 40  12 <1 <1 2 
 5 40  31 <1 6 6 
 11 40  47 <1 14 15 
RCPES 12 RT  13 <1 13 2 
 2 40  7 <1 7 3 
 5 40  23 <1 13 7 
 11 40  45 <1 18 15 
RCAcryl 12 RT  >50 49 >50 >50 
 2 40  >50 25 >50 >50 
 
Using the same test, migration of surrogate substances through the cardboard with incorporated 
active carbon as adsorbent (RCAC) remained undetectable (<1 %) even after 22 weeks at 40 °C. 
Since the coating with polyvinyl alcohol was thinner than for the cardboard HCPVOH (2 versus 
5 µm), it was assumed that the hindered migration was mainly the result of adsorption into the 
active carbon. This renders the application of the barrier test questionable, since adsorption 
depends on amounts and may be subject of saturation. 
4.2.3. Storage test for MOH 
The results obtained by the barrier test were compared with the migration of MOH into the flakes 
stored up to 12 months at 20 °C and 50 % relative humidity. The samples analyzed after 1, 3, 6 
and 9 months were from the corners of the transport box, those analyzed after 12 months from 
the side wall ( 
Figure 38; page 83 ff.).  
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For the packs in virgin fiber cardboard (VC), the migration was exclusively from the transport box 
(corrugated board; Figure 8). In fact, the MOH concentration in the flakes packed in the box of 
virgin fiber individually wrapped in aluminum foil remained undetectable (<0.1 mg/kg) after 12 
months, which also confirmed that migration from the hot-melt adhesive was negligible. After 9 
months, the migration of the MOSH C16-20 and the MOSH C20-24 from the transport box into the 
product placed at the corner amounted to 1.0 mg/kg and 0.5 mg/kg, respectively, that of the 
MOAH 0.4 mg/kg. The values for the box placed on the sidewall after 12 months of storage were 
slightly lower (0.8, 0.2 and 0.3 mg/kg, respectively), presumably due to the somewhat lower 
contact area with the transport box.  
 
Figure 8. Migration of MOSH C16-20 (top), MOSH C20-24 (center) and MOAH ≤C24 (bottom) into flakes at RT during 
up to 12 months. Dashed line: limits proposed by BMEL (MOSH C16-20: 4 mg/kg; MOSH C20-35: 2 mg/kg; MOAH 
≤C35: 0.5 mg/kg). 
The migration into the other packs also includes the contribution from the transport box. For the 
flakes in the unprotected conventional recycled cardboard (RC) during 9 months, a migration of 
MOSH C16-20 and MOSH C20-24 of 8.2 and 2.8 mg/kg, respectively, as well as of 2.3 mg/kg MOAH 
were measured. A slight decrease after 12 months was observed, presumably resulting from the 
24 Functional barriers or adsorbent implemented in folding boxes 
 
smaller contribution of the transport box (Figure 8). Due to the lower MOH content, the migration 
from the hybrid cardboard was lower, but still above the limit proposed for MOAH by the BMEL 
(0.5 mg/kg; shown as dashed line).  
The acrylate coating on the conventional recycled cardboard (RCAcryl) only had a weak effect on 
migration. In fact, the BfR limit for the MOSH C16-20 (4 mg/kg) as well as that proposed for MOAH 
by the BMEL were already exceeded after 6 months. The barrier effect was most significant for 
the less volatile MOSH C20-24. The other two barriers, RCPES, HCPVOH, were more effective, but 
still not tight. The migration through HCPVOH was lower primarily because of the lower MOH 
concentration in the hybrid cardboard used (Table 2). No migration was detectable (<0.1 mg/kg), 
however, for the box with incorporated active carbon (RCAC), indicating that there was no 
saturation of the active carbon by food components. 
The proportion of MOH migrated from the folding box (weighing 40-50 g) into the flakes (500 g) 
was calculated for the data from 9 months of storage, neglecting that there was a contribution 
from the transport box (Table 4). For the unprotected cardboards RC and HC, around 30-40 % 
of the MOH C16-24 originally in the cardboard migrated into the food. This is less than previously 
observed for rice, biscuits, oatmeal and noodles (66-81 %) and still lower than in breadcrumbs 
(49 %; [16]), but within the lower range observed in [17]. The acrylate coating reduced the 
migration by hardly a factor of 2. The other barrier-coated cardboards (HCPVOH, RCPES) reduced 
that of the MOSH by a factor of 3-4 and that of the MOAH by a factor of 5. The active carbon 
completely avoided it. 
Table 4. MOSH and MOAH concentrations in the cardboards and the flakes stored during 9 months at RT. 
Proportion of MOH migrated into the food (relative migration). 
Type MOSH C16-24  MOAH ≤C24 
 Card-
board 
(mg/kg) 
Food 
(mg/kg) 
Relative 
migration 
(%) 
 Card-
board 
(mg/kg) 
Food 
(mg/kg) 
Relative 
migration 
(%) 
RC 345 11.4 41  95 2.4 32 
HC 155 4.8 31  35 1.1 31 
HCPVOH 140 1.6 11  35 0.2 6 
RCPES 320 2.7 9  80 0.4 6 
RCAcryl 380 7.8 26  90 1.1 15 
RCAC 550 <0.1 <1  130 <0.1 <1 
 
4.3. Conclusion 
The barrier test indicated that the barrier layers on the internal surface of the cardboard boxes 
available in early 2014 were of clearly lower efficiency than those in internal bags [22]. Two of 
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the three barriers kept the MOH migration below the limits proposed by the German authorities. 
However, they may not be sufficient to render recycled cardboard generally compliant with the 
legal requirement of safety with regard to the many non-evaluated or even non-identified 
substances potentially migrating from such cardboard [39] [49] [66].  
There are problems to overcome during packaging that are not reflected by the barrier test, such 
as damage of the barrier layer during creasing, the closures exposing outer surfaces of the 
cardboard to the internal room of the box and set-off during storage of the cardboard on stacks 
or reels. They might become determinant once more efficient barrier layers get available. 
Among the cardboards tested, that incorporating active carbon as an adsorbent appeared to be 
most promising: it avoided all routes of migration. Its performance still needs to be verified, as 
barrier tests are not necessarily adequate. The adsorbent could be saturated by compounds 
from the printing or the packed food resulting in a release of substances from the recycled 
cardboard. No such effect has been described so far, but it cannot be ruled out by the data 
presently available. 
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5. Argentation HPLC coupled to GC: A new analytical tool to 
characterize hydrocarbon mixtures 
Chapter 5 has already been published: M. Lommatzsch, M. Biedermann, T.J. Simat, K.Grob, ‘Argentation 
high performance liquid chromatography on-line coupled to gas chromatography for the analysis of 
monounsaturated polyolefin oligomers in packaging materials and foods’, J. Chromatogr. A 1402, p. 94, 
2015. 
5.1. Introduction 
Polyolefins are widely used in food packaging, such as bags, films, food-contact layers (e.g. 
heat-sealing layers) in multilayer packagings, bottles, caps and hot melt adhesives. 
Characterization of the hydrocarbons migrating into food presupposes the separate analysis of 
the various types which fall into the category commonly called oligomers.  
Oligomers of polyolefins form complex mixtures. Dilettato et al. [26] described triplets of n-
alkanes, n-alkenes and n-alkylcycloalkanes for the even-numbered hydrocarbons in extracts 
from low density polyethylene (LDPE). Greenwood [27] compared oligomers in polypropylene 
(PP) granulates with highly branched alkanes in different environmental hydrocarbons of 
microbial origin. He showed that several oligomer peaks are attributable to monounsaturated 
vinylidenes, besides the predominant proportion of saturated oligomers. The peak pattern of the 
GC analysis revealed humps of isomeric substances with a C3-interval between them. Van 
Castelli et al. [28] identified the structural properties of monounsaturated hydrocarbons from a 
linear low density polyethylene (LLDPE). The major species were olefins with double bonds in 
alpha, beta or gamma position and vinylidenes. These publications show that the saturated 
hydrocarbons predominate the oligomers, but also that there may be a substantial proportions of 
olefins. 
In this study the terms polyolefin oligomeric hydrocarbons (POH), polyolefin oligomeric saturated 
hydrocarbons (POSH) and polyolefin oligomeric monounsaturated hydrocarbons (POMH) are 
used. The term POSH is used in analogy to mineral oil saturated hydrocarbons (MOSH) 
because of their similar structure. MOAH are the mineral oil aromatic hydrocarbons. 
Biedermann-Brem et al. [25] analyzed POH by the method developed for the analysis of MOSH 
and MOAH [38] [62]. Crude extracts from packaging materials or foods were injected into a 
normal phase HPLC column packed with a silica gel. The fraction including the MOSH was 
eluted with hexane, that of the MOAH with 30 % dichloromethane in hexane. These fractions 
(450 µl) were transferred on-line to GC using partially concurrent solvent evaporation and the Y-
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interface. On-line LC-GC provides high resolution and enables accurate cuts due to on-line 
detection; solvent consumption is low, the process is automated and the reduced manipulation 
decreases the risk of sample contamination by the virtually ubiquitous hydrocarbons. Since the 
migrated hydrocarbons are not available as standards, calibration of the response is impossible. 
Flame ionization detection (FID) was used for quantitative determinations assuming that 
hydrocarbons have the same response per mass as the internal standard (cyclohexyl 
cyclohexane, Cycy). Using this method, the concentrations of POSH were determined in 
polyolefins as well as in various types of foods, including powdered infant formula contaminated 
from heat-sealable layers at detection limits of 0.1-1 mg/kg food [25]. 
The silica gel column used did not separate saturated and monounsaturated hydrocarbons, 
which was a shortcoming for the POH, since they may include a substantial proportion of POMH. 
Also recycled paperboard might contain POMH from materials like HMA and coatings (limited 
data available so far). 
The quantification of unsaturated components in mixtures with saturates may be achieved by 
derivatization, such as bromination (petrol chemistry) [67] or addition of iodine (fatty acids) [68]. 
Alternatively underivatized unsaturated constituents can be determined analytically on silica gel 
or ion exchangers loaded with silver nitrate [69] [70] [71]. Christie [72] described the preparation 
of silver-impregnated silica gel HPLC columns by conditioning from hexane to water, injecting 
several 1 ml portions of a 10 % silver nitrate solution and reconditioning back to hexane. Aponte 
et al. [73] packed columns with materials previously treated with various silver-containing 
components, such as silica gel modified with cyano and thiol functional groups, for the 
separation of mono-, di-, tri- and tetraenes as well as aromatics. Fractions were collected off-line 
and analyzed by GC coupled to mass spectrometry (MS). 
Conventional LC columns loaded with 10 % silver nitrate were used to increase the retention of 
the MOAH and achieve MOSH/MOAH separation also on columns of modest separation 
efficiency [74] [75] [76]. Later, this load was reduced to the minimum necessary to achieve 
MOSH/MOAH separation (0.3 %) in order to avoid that the elution window of the MOAH is 
moved into that of low polarity esters, such as wax esters [77]. A double bed column with a 
packing of silica gel on top of silver-nitrate-coated silica gel was used to enrich MOSH and 
MOAH in food extracts of elevated fat contents and lower detection limits [78].  
Silver nitrate facilitates the separation of saturates and olefins, but olefins are easily transferred 
into the MOAH fraction, in particular into the alkylated benzenes. For the method described 
below, this was a reason to use two HPLC columns in series: on the first one, packed with silica 
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gel, the saturated and the monounsaturated hydrocarbons were isolated, particularly separated 
from aromatic hydrocarbons. They were transferred to the second one packed with silica gel 
impregnated with silver ions to separate the olefins from the saturated hydrocarbons. The olefins 
were transferred to GC using a more polar mobile phase. This enabled a preseparation of the 
saturated, monounsaturated and aromatic hydrocarbons followed by on-line GC analysis. As the 
second column was not loaded with polar sample material, it could be reconditioned with eluents 
of low polarity, avoiding the leaching of silver ions. The same preseparation was used for more 
detailed analyses by comprehensive two-dimensional GC (GCxGC). 
5.2. Results and Discussion 
5.2.1. Impregnation of a silicagel HPLC-column with silver ions 
As mentioned in section 3.1., the amount of silver introduced into column B was minimized for 
three reasons. First, strong interaction with double bonds shifts unsaturated compounds into the 
retention window of other compounds of low polarity, such as wax esters [77]. Second, a high 
load presupposes a strong eluent for elution which tends to leach silver ions and transfer these 
to GC. Leaching with dichloromethane was reported by [73]. Third, an eluent stronger than 
dichloromethane, such as MTBE or acetone, hinders the integration into existing procedure for 
MOSH/MOAH analysis and would require an three-pump HPLC system. 
Possibilities to coat packed HPLC columns with silver nitrate solutions were investigated, since 
silver-impregnated HPLC columns with the required low silver content were not commercially 
available and the means for packing HPLC columns with the corresponding material were 
missing. The main question was how the silver ions would propagate through the column and 
whether a homogeneous distribution could be achieved. There could be a chromatography-like 
partitioning process enriching the silver in the head of the column. A strong eluent (water) would 
be most suitable to carry the silver ions forward through the column. To this end, Pasteur 
pipettes were packed with conventional silica gel column packing material (silica gel 60) and 
then treated with silver nitrate solutions. These columns were dried at 80 °C for one hour and 
then heated to 200 °C for 15 min until the silver turned dark (disilveroxide) to enable visual 
observation of the silver distribution. 
The packing in the Pasteur pipettes had a volume of approximately 2 ml. Aqueous solutions 
containing 10 %, 1.0 %, 0.5 %, 0.3 % and 0.1 % silver nitrate were passed through it until the 
first drops containing silver ions were eluted, detected by visually observed precipitation in a 
sodium chloride solution. Of the solutions containing at least 0.3 % silver nitrate, 2-3 ml were 
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needed for breakthrough, which means that there was little retention. In fact, the color of the 
heated column was homogeneously distributed and intensity decreased with decreasing 
concentration of silver nitrate (Figure 9). Of the 0.1 % silver nitrate solution, however, 9 ml were 
needed to reach breakthrough. The distribution was homogenous (Figure 9, right); the color 
intensity was similar to that of the column treated with 3 ml of the 0.3 % solution, confirming that 
the column contained about the same amount of silver ions. This suggested that with a solution 
of at least 0.3 % a rapid saturation of adsorptive sites was achieved, whereas at lower 
concentrations the coating proceeded by a kind of frontal chromatography. It meant that with the 
given eluent (water) there was a threshold for a minimum homogeneous impregnation and that it 
could be obtained most rapidly with a 0.3 % solution. 
 
Figure 9. Pasteur pipettes packed with silica gel between plugs of glass wool, treated with aqueous silver 
nitrate solutions and heated to render the silver distribution visible; from left to right: 10 %, 1.0 %, 0.5 %, 0.3 
%, 0.1 % silver nitrate solution. 
This finding was applied to the HPLC column. The column was rinsed with an aqueous 0.3 % 
silver nitrate solution until silver ions started leaving, which occurred after about 3 min at 0.3 
ml/min, i.e. with 0.9 ml solution. Since the void volume of the 250 x 2 mm i.d. column was 
approximately 0.6 ml, there must have been similar retention for silver ions as in the Pasteur 
pipette. 
During 3 months of intensive use with the gradient of n-hexane and DCM described above 
(roughly 500 runs involving approximately 4.5 l n-hexane and 3.0 l DCM), no significant changes 
in the selectivity in the preseparation and no deterioration of the GC system were noted, 
indicating stability of the silver impregnation. 
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5.2.2. Polyolefin granulates 
The potential of the method is shown by examples. In a preliminary overview, 11 polyolefin 
granulates (PE: n=8; PP: n=3) contained 5-40 % (average 25 %) POMH among the oligomers 
C16-35. The first example shown in more detail is from the extract of a LDPE granulate (Figure 
10). The granules were milled, extracted and analyzed by HPLC-GC-FID, HPLC-HPLC-GC-FID 
and GCxGC-MS.  
The top chromatogram was obtained by HPLC-GC-FID. It shows what corresponds to the 
MOSH fraction in mineral oil analysis and was previously called POSH – which was incorrect 
since the fraction may have included POMH. The chromatogram is dominated by an unresolved 
hump starting at a retention corresponding to that of n-alkanes around C25. The hump seems 
ending at about C40, but this was influenced by the introduction through a PTV injector retaining 
high boiling and involatile material. Analysis by GCxGC-MS indicated a small amount of 
hopanes as markers for mineral oil (not shown), but in the bulk of the hydrocarbons no hint for 
the presence of mineral oil could be found [44], suggesting that the hump predominantly 
represents oligomeric material.  
The lower two chromatograms were obtained by HPLC-HPLC-GC-FID and show the saturated 
and monounsaturated hydrocarbons. Both fractions include unresolved, highly isomerized 
material. The peaks on the hump in the top chromatogram are revealed as pairs of a saturated 
and a monounsaturated compounds (of unidentified structure). The proportion of POMH within 
the retention range of the n-alkanes C16-35 was roughly 30 %. The retention range of C16-35 is 
adapted from MOSH analysis and corresponds to that toxicologically considered most relevant 
[65]. 
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Figure 10. GC-FID chromatograms of a LDPE extract after single (POH) and double HPLC preseparation 
(POSH and POMH). 
The composition of the three fractions shown in Figure 10 was further characterized by GCxGC-
MS. As a polar first dimension GC (OV-17) was used with an apolar second dimension (PS-
255), this placed the apolar compounds above the more polar ones, for hydrocarbons meaning 
that n-alkanes are located above olefins and cyclic components; branching moves the spots 
upwards [79]. Figure 11 shows the section of GCxGC-MS plots corresponding to the range of 
the n-alkanes C16-20, chosen because of the relatively clear structure. In the plot of the POH 
fraction (POSH and POMH), the dashed line interconnects the centers of the spots of n-alkanes 
and little branched iso-alkanes: little branched POSH are eluted at virtually the same height 
(retention in the second dimension GC) as n-alkanes. The main spots represented two largely 
coeluted substances (marked as 16, 18 and 20). The mass spectra showed the typical pattern of 
n-alkanes for one substance and dominant loss of a methyl group for the other, suggesting iso-
alkanes with branching at C2/C3 position. The repeat unit corresponds to two carbons, as may be 
expected for a polyethylene; odd-numbered hydrocarbons form at best small signals. 
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Figure 11. Section of GCxGC-MS plots obtained from an extract of LDPE granulate after single and double 
HPLC preseparation; fractions: POH, POSH and POMH. 
So far, the monocyclic and the monounsaturated hydrocarbons, having the same molecular 
mass, were distinguished by epoxidation of the double bond, which removed the olefins from the 
fraction analyzed [79]. This interpretation is now confirmed by the preseparation of the POSH 
and the POMH (center and bottom plot in Figure 11). The continuous line follows the centers of 
the straight chain and little branched POMH (analogous to the POSH). The main signals have 
intervals corresponding to a single carbon atom, interestingly with predominance of the odd-
numbered (bottom plot). A band of smaller signals between them indicates the presence of 
branched olefins (positioned slightly above the straight chain POMH, as expected for branching) 
or olefins with non-terminal double bonds. 
The signals positioned below the olefins (dotted line) have molecular masses corresponding to 
CnH2n and represent alkylated cyclopentanes and -hexanes (dominant mass fragments m/z 
68/69 and 82/83, respectively, as also observed in mineral oil [65]). Also these cyclic 
components were present with intervals corresponding to a single carbon atom, but in this case 
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with prevalence of the even-numbered. There are only few and weak spots between these cyclic 
hydrocarbons, i.e. there seem to be hardly any isomers, probably indicating the absence of 
compounds with branched alkyl groups. 
Figure 12 shows the gas chromatograms after single and double HPLC preseparation of the 
extract of a Ziegler-Natta-catalyzed PP granulate. That at the top, obtained by HPLC-GC-FID, 
shows typical humps of oligomers built of C3-units [27] [25] [79], the one of C24 being pointed out. 
Further preseparation revealed that roughly 20 % of the C16-35 oligomers were monounsaturated. 
These POMH formed clusters and humps similar to the POSH. By GCxGC-MS no cyclic 
hydrocarbons were detectable for PP POSH (plot not shown). The saturated PP oligomers were 
located above the n- and iso-alkanes of the PE POSH due to their high degree of branching [79]. 
As observed above for the POMH of LDPE, the PP POMH were situated slightly below the open 
chain POSH. The analysis of the HPLC fraction beyond that of the POMH did not show 
detectable amounts of dienes (as in POH of the above LDPE). 
 
Figure 12. GC-FID chromatograms of a PP extract after single (POH) and double preseparation (POSH and 
POMH); 24PP: saturated C24 PP oligomers; 24:1PP: monounsaturated C24 PP oligomers. 
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5.2.3. Recycled cardboard 
Figure 13 shows the application of HPLC-HPLC-GC for an extract from recycled paperboard to 
investigate the presence of olefins. In the top chromatogram, from the fraction of the saturated 
hydrocarbons, the hump of unresolved MOSH is visible, topped by n-alkanes from waxes. The 
slight predominance of the even-numbered n-alkanes C20-30 suggests a minor presence of POSH 
from PE. No monoenes were detected at a detection limit of 3 mg/kg (<1 % of the total 
hydrocarbons; center chromatogram), which goes along with a probably small proportion of 
POSH and the virtual absence of olefins in mineral oil. Also a batching oil used for sisal or jute 
bags contained <1 % monounsaturated (chromatogram not shown). No diunsaturated 
hydrocarbons were detected (diene fraction; not shown). In the bottom chromatogram, the broad 
hump of MOAH is visible (32 mg/kg). Diisopropyl naphthalene (DIPN) is a typical contaminant of 
recycled board from carbonless copy paper. 
 
Figure 13. GC-FID chromatograms obtained from a recycled paperboard after double HPLC preseparation 
(MOSH/POSH, monoenes and aromatics). 
 
5.2.4. Food sample 
The extract of a rice packed in a printed PP bag was analyzed for MOSH/POSH, POMH and 
MOAH by HPLC-HPLC-GC-FID. The concentration of the saturated hydrocarbons efficiently 
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migrating through the gas phase (≤C24) was 1.5 mg/kg (top chromatogram in Figure 14). In the 
early eluted part, peak clusters typical of PP-POSH are observed, but later the humps of the PP-
POSH seem to be overlaid by a broad hump of other hydrocarbons. The origin of this hump is 
unclear: it could represent POSH from a PE or MOSH, though without a significant amount of n-
alkanes and MOAH (which excludes contamination from jute bags or recycled paperboard). 
GCxGC analysis did not detect typical marker hydrocarbons for MOSH [44]. It is also noted that 
the hump reaches up to molecular masses somewhat higher than usual for transfer through the 
gas phase. In the last eluted part of the chromatogram, the natural, predominantly odd-
numbered n-alkanes from the rice are observed. 
The center chromatogram shows the clusters and humps of monounsaturated PP oligomers 
migrated from the packaging (0.4 mg/kg, corresponding to approximately 20 % of the 
contaminating hydrocarbons). They are followed by monoenes with odd-numbered carbon 
atoms from the rice. The migration of the MOAH was below the detection limit of 0.1 mg/kg 
(bottom chromatogram). Squalene (Sq), with 6 double bonds, is eluted in the MOAH fraction. 
 
Figure 14. GC-FID chromatograms of rice packed in a PP bag after double HPLC preseparation (saturates, 
olefins and aromatics). 
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5.3. Conclusion 
The described HPLC-HPLC(Ag+)-GC-FID method enables an easy analysis of hydrocarbons 
grouped by saturated, monounsaturated and aromatic species (dienes if required). It is a useful 
tool for the compositional analysis of plastics and other products made of polyolefins, such as 
hot melt adhesives, seals or products used in cosmetics, but also for characterizing the 
hydrocarbons contaminating foods. The on-line configuration is an extension of that used for 
MOSH/MOAH analysis and enables switching between the two methods. The analysis of the 
HPLC fractions can be refined by GCxGC, for instance enabling the detection of alkylated 
cyclopentanes and cyclohexanes in LDPE. 
The method involves an HPLC column with a content of silver ions lower than commercially 
available in order to prevent shifting of the unsaturated hydrocarbons into the elution range of 
other compounds of low polarity and to enable elution by weak eluents, avoiding leaching of 
silver from the HPLC column and contamination of the GC column system. An easy way to 
prepare such columns in the laboratory is proposed. 
  
Comprehensive analysis of polyolefin oligomers: Sealing layers, granulates and migration into food 37 
 
 
6. Comprehensive analysis of polyolefin oligomers: Sealing layers, 
granulates and migration into food 
The results of Chapter 6 have partially been published in a project report for the IVLV (Industry 
Association for Food Technology and Packaging, Freising, Germany): ‘Polyolefin oligomers in sealing 
layers’. 
6.1. Introduction 
Polyolefins are the most used polymers for flexible and rigid food packaging. Their main 
applications are sealing layers in laminates and bottles for liquid food, respectively, both being in 
direct food contact. The direct contact to the packed foods could lead to a high degree of 
migration of leachable substances into food. Article 3 in Regulation 1935/2004 [5] requires that 
substances migrating from FCM into food should not endanger human health, which is also 
demanded from the GMP Regulation [8]. The plastic regulation 10/2011 [9] sets limits for 
additives, monomers and some production aids. All other non-listed but leachable substances 
should undergo a risk assessment according to internationally recognized scientific principles 
(Art. 19, 10/2011). Besides non listed but intentionally used substances (e.g. catalysts, 
pigments, etc.) also non-intentionally added substances (NIAS), such as oligomers, impurities, 
reaction and degradation products have to be risk assessed. The oligomers are of certain 
interest due their predominance in the migrates of polyolefins like shown from Kroenert et al. in 
2008 [80]. These evaluations are part of the declaration of compliance (DoC) and the supporting 
documents, respectively, which have to be prepared according to GMP Regulation [8]. 
Biedermann-Brem et al. [25] investigated hydrocarbons migrating from plastic packaging into 
foods. They used the HPLC-GC-FID method for the determination mineral oil in foods and 
detected peak patterns attributable to polyolefin oligomeric saturated hydrocarbons (POSH) in 
the MOSH fraction of crude food extracts. The total amount of polyolefin oligomers could reach 
10 mg/kg in food depending on the fat content, storage conditions and the surface to volume 
ratio of packaging material to food. In Chapter 5 it was shown that the polyolefin oligomers 
analyzed with the mentioned method (HPLC-HPLC-GC) can be divided into POSH and 
polyolefin oligomeric monounsaturated hydrocarbons (POMH), which means that the 
concentration in foods, published before, is attributable to the total polyolefin oligomeric 
hydrocarbons (POH). 
Several publications dealt with the further analysis of NIAS from polyolefins and their migration 
potential into food [79] [44] [81]. A comprehensive approach on polyolefin granulates, which are 
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the raw materials for sealing layers, was published by McCombie et al. [81]. They investigated 
polyolefin granulates from various suppliers and categorized the oligomer types by 
multidimensional analysis. The classification of the oligomers was as follows (Table 5): POSH 
(including open-chain POSH: POSHOC, cyclic POSH: POSHCY), POMH and oxidized oligomers 
(POHOX). The method of choice was GCxGC-FID/MS, whereby the reversed setup of columns, a 
polar column in 1st dimension (DB-17) and an apolar column in 2nd dimension (PS-255: DB-1 
like) was used. 
Table 5. Examples for sub-structures of polyolefin oligomers 
Type Linear Branched 
POSHOC   
Alkanes 
 
 
POSHCY 
Alkylated cyclopentanes 
 
 
Alkylated cyclohexanes 
  
POMH   
α-Olefins 
 
 
Vinylidenes 
  
POHOX   
Ketons 
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A risk assessment for the different polyolefin oligomer classes has not yet been published to our 
knowledge. It seems to be reasonable that an accumulation of POSH analogous to MOSH 
(C16-35) can occur in human tissue [3] due to their similar chemical structures. 
In the following, the concentrations of oligomers in sealing layers and their corresponding 
granulates for manufacture were determined by multidimensional chromatography. The 
migration potential of POH from sealing layers was estimated by experiments with sunflower oil 
as simulant and analyzing real food samples packed in a known sealing layer.  
6.2. Results and discussion 
6.2.1. Sealing layers and granulates 
Solvent extraction and subsequent multidimensional chromatography enabled the determination 
of potentially migrating compounds in two polyolefin sealing layers and their corresponding 
granulates used for their manufacture. The polyolefin oligomers were identified and quantified by 
HPLC-HPLC(Ag+)-GC-FID as well as GCxGC-MS/FID. The first technique was used to analyze 
total POSH and POMH like described in Chapter 5. The latter was used to determine semi-
quantitatively linear POSHOC (n-alkanes), POSHCY and POHOX according to [81]. Branched 
POSHOC was calculated from the total POSH after subtraction of POSHCY and linear POSHOC 
(n-alkanes). 
Sealing layer 1 contained 420 mg/kg POSH and 195 mg/kg POMH in the retention range of 
n-C16 – n-C35 (Table 6), which is assumed to be toxicological relevant with respect to the 
evaluation of mineral oil components. The peak pattern in LC-GC-FID (Figure 15) reveals sharp 
peaks (linear hydrocarbons) and a broad background of isomeric substances in the POSH as 
well in the POMH fraction (‘substance hump’). The arrangement of POH subgroups in the 
GCxGC plots is shown in Figure 16. The 1st dimension column (polar) separates according to 
the volatility of the POH and the 2nd dimension column (apolar) according to the polarity and 
molecular shape, respectively. Thus, late eluting compounds in the 2nd dimension (top of plot) 
possessed most apolar characteristics like branched and linear alkanes, such as POSHOC. With 
increasing polarity, the elution time is shortened with the spots moving downward in the following 
order: POSHOC, POMH, POSHCY, POHOX and other more polar NIAS formed primarily from the 
degradation of additives like antioxidants. The latter were not further characterized in this 
investigation, however, Castillo et al. [41] reported about these degradation products after e-
beam treatment of additivated PP. The findings of the LC-GC-FID analyses were deepened by 
GCxGC-FID/MS analyses of the same materials (Figure 16), whereas a semi-quantitative group-
type analysis into branched, linear and cyclic POSH was performed. The proportions of oligomer 
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types among the POSH were estimated as follows: 50% branched POSHOC, 40% linear POSHOC 
(n-alkanes) and 10% POSHCY (predominantly alkylated cyclopentanes). A small concentration of 
POHOX was observed resulting in 50 mg/kg, which are assumed to be predominantly ketones 
according to [81].  
 
Table 6. Concentration of oligomer types in sealing layer 1 and its granulates. 
Sample 
Proportion 
in sealing 
layer 
POSH [mg/kg] 
(br. POSHOC/n-alkanes/ 
POSHCY) 
POMH [mg/kg] POHOX [mg/kg] 
C16-24 C24-35 C16-24 C24-35 C16-24 C24-35 
Sealing layer 1 --- 145 
(40/54/6%) 
275 
(60/30/10%) 
65 130 15 35 
Granulate 1.1 (LLDPE) 50 % 95 
(38/62/<1%) 
180 
(57/43/<1%) 
35 65 <1 <1 
Granulate 1.2 (LDPE) 15 % 165 
(65/21/14%) 
335 
(73/16/11%) 
85 180 40 75 
Granulate 1.3 (mLLDPE) 35 % 50 
(29/71/<1%) 
55 
(44/56/<1%) 
15 25 <1 <1 
Granulate 1.4 (MB) <5 % 270 
(71/10/19%) 
1005 
(63/14/23%) 
160 415 15 40 
 
 
 
Figure 15. Chromatograms of saturated and monounsaturated polyolefin oligomers from sealing layer 1. 
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Figure 16. GCxGC plot of sealing layer 1. 
 
The predominant usage of Granulate 1.1 and 1.3 (both LLDPE involving 1-butene as co-
monomer) in the manufacture of the sealing layer 1 (Figure 17) led to a large proportion of 
n-alkanes within the POSH and n-alkenes within the POMH, which is interpreted from sharp 
signals with C2 gap in multidimensional chromatography (LC-GC-FID and GCxGC-FID/MS, 
Figure 17). Some branched POSHOC in the sealing layer were also attributable to the LLDPE 
granulates 1.1 und 1.3, but the main contribution was from granulate 1.2 (LDPE). It contains 
predominantly isomeric hydrocarbons revealed by a broad hump with single peaks on top in LC-
GC. GCxGC revealed that detectable POSHCY and POHOX were exclusively originated from 
LDPE and the LDPE-based masterbatch (granulate 1.4). The latter is only a minor component in 
the formulation and necessary for the additivation of the sealing layer, such as with erucamid 
(slipping agent). 
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Figure 17. Compilation of chromatographic results obtained from the analysis of the granulates used to 
manufacture sealing layer 1 
Sealing layer 2 contained 820 mg/kg POSH and 90 mg/kg POMH in the retention ranges of 
n-C16 and n-C35 (Table 7), which clarifies here a dominance of saturated oligomers. Small 
unresolved humps with a gap of one C3 unit between them were observed in LC-GC (Figure 18), 
which is quite common for PP oligomers [27]. The major usage of Granulate 2.1 and 2.2 (both 
PP) for the manufacturing of the sealing layer resulted in almost exclusively highly-branched 
POSHOC and POMH (Figure 20). In GCxGC, the PP oligomers (POSH, POMH) were eluted later 
in the 2nd dimension compared to the PE POSHOC, which means they are positioned at the top of 
the plot [44] (Figure 19; Figure 17). POSHCY and POHOX were determined in low amounts (<1%) 
due to the use of LDPE-based masterbatches.  
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Table 7. Concentration of oligomer types in sealing layer 2 and its granulates. 
Sample Proportion 
in sealing 
layer 
POSH [mg/kg] 
(br. POSHOC/n-alkanes/ 
POSHCY) 
POMH [mg/kg] POHOX 
[mg/kg] 
C16-24 C24-35 C16-24 C24-35 C16-24 C24-35 
Sealing layer 2 --- 320 
(99/<1/<1%) 
500 
(99/<1/<1%) 
40 50 <1 <1 
Granulate 2.1 (PP) >10 % 385 
(99/<1/<1%) 
420 
(99/<1/<1%) 
60 35 <1 <1 
Granulate 2.2 (PP) >10 % 375 
(99/<1/<1%) 
450 
(99/<1/<1%) 
45 30 <1 <1 
Granulate 2.3 (MB) <5 % 235 
(65/7/28%) 
560 
(65/8/27%) 
105 280 5 10 
Granulate 2.4 (MB) <5 % 170 
(72/9/19%) 
470 
(68/8/24%) 
40 140 10 25 
 
 
Figure 18. Peak patterns of saturated and monounsaturated polyolefin oligomers from sealing layer 2. 
 
Figure 19. GCxGC plot of sealing layer 2. 
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Figure 20. Compilation of chromatographic results obtained from the analysis of the granulates used to 
manufacture sealing layer 2 
The two sealing layers show a different distribution of oligomer types. The PE-based sealing 
layer 1 contains 60% POSH, 30% POMH and 10% POHOX whereas the PP-based sealing layer 
90 % POSH and 10 % POMH. The complete POSH concentration was two times higher in 
sealing layer 2, but contrary the total POMH concentration was two times higher in sealing 
layer 1. Only the use of LDPE in sealing layer 1 led to significant amounts of POSHCY and 
POHOX. This snapshot regarding the distribution of oligomer types was applicable for other 
samples tested (n=5, data not shown), whereas the oligomer concentration (C16-35) varied by a 
factor of 5 in these sealing layers: POSH 180-995 mg/kg and POMH 90-435 mg/kg.  
In a preliminary investigation of 50 polyolefin granulates (PP, PP/PE, LDPE, LLDPE, HDPE), a 
variation of POSH and POMH by a factor of 20 was observed. A detailed knowledge about the 
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POH content in the raw materials (granulates) could probably help to manufacture polyolefinic 
products with a migration potential as low as possible. 
6.2.2. Migration into food simulants and real foods 
Sealing layer 1 was used to investigate the migration into a food simulant and real foods 
(analyzed only a few days after production). For simulation, sunflower oil was used as simulant 
and the contact conditions (95°C, 1h) have been chosen with respect to the pasteurization 
process of the real food samples. The simulation with sunflower oil showed similar 
concentrations of POSH (C16-35) in the simulant compared to the extraction with n-hexane 
(roughly 100% transfer). The LC-GC-FID chromatograms of POSH/POMH fraction revealed also 
predominance of sharp signals from n-alkanes and n-alkenes, besides the isomeric hump of 
POSHOC (Figure 21). The pattern in GCxGC-FID/MS of POSHOC, POMH and POSHCY was also 
similar compared to the hexane extract, but interfering substances (odd-numbered n-alkanes 
from plant origin) complicated the determination. The recovery of POMH (C16-35) in sunflower oil 
was about 50% compared to the hexane extract. Thus, a complete transfer of POSH and a high 
transfer of POMH are possible from the sealing layer into fatty food under pasteurization 
conditions (95°C, 1h). However, a validation of these findings is still pending since POMH could 
perhaps react with compounds from the fatty food matrix under these pasteurization conditions. 
At ambient temperature, the migration is assumed to be somewhat lower.  
 
Figure 21. Chromatograms of POSH and POMH fraction from the migration simulation with sun flower oil. 
Three different foods (tomato sauce, carbonara sauce, pesto) have been filled under commercial 
conditions in laminates containing sealing layer 1 as food contact layer and investigated for the 
migration of polyolefin oligomers.  Two of the foods (tomato sauce, carbonara sauce) have been 
pasteurized after filling for 1h at 95°C. The pesto has been frozen directly after filling (-18°C). All 
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foods have been analyzed within a few days after filling date, which means long before the best 
before date. The polar, low fat food matrix (tomato sauce, pasteurized, fat content: ≈1%) showed 
hardly any transfer of polyolefin oligomers (<0.2 mg/kg) from the sealing layer despite of the 
pasteurization process and being a high diffusible liquid food. The food sample with a moderate 
fat content (carbonara sauce, pasteurized, fat content ≈10%) contained 1.5 mg/kg POSH and 
0.4 mg/kg POMH (C16-35). As expected, the transfer was more substantial for oligomers with a 
smaller molecular weight (C16-24): 80% of POSH and 55% of POMH during pasteurization. 
Oligomers with larger molecular weight (C24-35) remained partially in the sealing layer: transfer of 
60% POSH and 15% POMH. Fatty food (pesto, fat content: 46%) filled at ambient temperature 
and subsequently deep frozen can still extract 40% POSH (C16-24) under these conditions.  
Since no blanks of the food samples were available, an interference with MOSH from a 
contamination prior to filling cannot be ruled out completely. In fact, the tomato sauce showed a 
MOSH contamination of 2.0 mg/kg (C16-35) which could not be traced back to POH identified in 
the  packaging due to the chromatographic hydrocarbon pattern and the absence of POMH in 
the food, respectively. In the case of the carbonara sauce and the pesto, a contamination with 
MOSH is improbable due to the characteristic peak pattern in GC. This means that especially 
the even-numbered n-alkanes from PE are observable, which is not typical for a contamination 
with mineral oils. 
Furthermore, a GCxGC analysis with a prior HPLC preseparation revealed a similar composition 
of the oligomers (branched and linear POSHOC, POMH, POSHCY) in the sealing layer and in 
certain migrates. The pattern of oligomers detected in sunflower oil (Figure 22) and in the 
carbonara sauce (Figure 23) was similar to the distribution of oligomer types in the sealing layer 
used for food contact. A quantitative comparison was not possible due to interfering substances 
in the food matrices, such as odd-numbered n-alkanes, n-alkenes and terpenes from plant 
origin. Nevertheless, these results are confirming the previously mentioned findings. Marker 
substances (hopanes) for a significant MOSH contamination were not detected in both samples. 
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Figure 22. GCxGC plot of the migration simulation with sun flower oil. 
 
 
Figure 23. GCxGC plot of the hexane extract from carbonara sauce. 
 
6.3. Conclusion 
For this study, five sealing layers based either on PP or LDPE and LLDPE have been 
investigated. PP and LDPE showed predominantly branched oligomers, whereas those of 
LLDPE (co-monomer 1-butene) were mainly of linear nature (n-alkanes). The values of 
saturated and monounsaturated oligomers (C16-35) can vary by a factor of 5 in these sealing 
layers. The variation of the POH content can reach a factor of 20 as observed for polyolefin 
granulates (n=50). 
POHOX were only detected in sealing layers involving LDPE. This PE-type also contained 
exclusively POSHCY (alkylated cyclopentanes and –hexanes) among the POSH, which 
contribute a considerable share (5-15%) within the POSH in the analyzed sealing layers. It may 
be speculated that these POSH species may be formed during radical polymerization, in case of 
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the POSHCY by ‘back biting process’ or ‘radical cyclisation’, in case of POHOX by the peroxidic 
initiators. 
The migration of polyolefin oligomers (C16-35) into food can be substantial (>50% of the content in 
the sealing layer). The level of POH contamination in the food is depending on the oligomer 
content of the sealing layer, fat content of the food, the surface-volume ratio as well as the 
contact temperature(s) and time(s). At the moment, there are no sufficient toxicological data 
about polyolefin oligomers available, but they could be of particular concern in the future. 
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7. Hydrocarbon contamination from hot-melt adhesives 
Chapter 7 has already been published: M. Lommatzsch, M. Biedermann, K. Grob, T.J. Simat, ‘Migration of 
saturated and aromatic hydrocarbons from a polyolefin-based hot-melt adhesive into foods’, Food Addit. 
Contam. A 33, p. 473, 2015.  
7.1. Introduction 
Hot melt adhesives (HMA) are widely used in food packaging, such as for glueing folding boxes. 
The main components of a typical formulation are polyolefins (base), paraffinic waxes (melt 
index/viscosity) and hydrocarbon resins (tackifier). As a rule of thumb, one third of each is used, 
but the proportion of hydrocarbon resins or polyolefins can reach 50% [29]. HMA also contain 
additives, such as antioxidants/stabilizers and anti-dust agents. 
For the synthesis of hydrocarbon resins, feed stocks of unsaturated compounds from cracking 
petroleum streams, such as naphtha, are used (by-products of ethylene production).  According 
to Mildenberg et al. [29] (Table 8), the predominant feedstocks are C5 (typically 69 % 
piperylenes, 18 % cyclopentene, 2 % cyclopentadiene ≤13 % C4-6 species), C9 (2 % styrene, 4 % 
α-methylstyrene, 20 % vinyltoluene, 6 % dicyclopentadiene, 20 % indene, 5 % methylindenes, 
≤43 % nonreactive aromatics) and dicyclopentadienes (DCPD; 65-98 % dicyclopentadienes/ 
cyclopentadienes, 2-35 % co-dimers from butadiene, isoprene, methylcyclopentadiene). 
Mixtures of these feedstocks, such as aromatic-modified aliphatic resins (addition of C9 to C5 or 
DCPD monomers), can be used to adjust physical properties like softening point and solubility. 
After synthesis, the hydrocarbon resins are commonly hydrogenated to decolorize them and to 
increase their stability. The degree of hydrogenation varies between partially and fully 
hydrogenated, which is depending on the application. 
Since there is no specific regulation for adhesives in Europe, the HMA have to comply with 
Article 3 of the Framework Regulation (EC) 1935/2004 [5], in particular with the requirement that 
they must not endanger human health, and the “GMP Regulation”, Regulation (EC) 2023/2006 
[8]. This means that producers have to show that all migrants are safe at the level of their 
migration in the in-house documentation required by Regulation (EC) 2023/2006. The additives 
used for HMA are commonly from the list of Regulation (EU) 10/2011 for plastic food contact 
materials (FCM) and may be subject to specific migration limits (SML) [9]. 
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Table 8. Structures and chemical formula of the predominant monomers according to [29]. 
Feedstock C5 C9 DCPD 
Monomers Piperylene (C5H8) 
 
Styrene (C8H8) 
 
Cyclopentadiene (C5H6) 
 
 Cyclopentene (C5H8) 
 
α-Methylstyrene (C9H10) 
 
Dicyclopentadiene (C10H12) 
 
 Cyclopentadiene (C5H6) 
 
Vinyltoluene (C9H10) 
 
Indene (C9H8) 
 
Methylindene (C10H10) 
 
Dicyclopentadiene (C10H12) 
 
 
 
Some of the synthetic hydrocarbons, waxes and tackifier resins used in the formulation of HMA 
are listed in the plastics regulation (EU) 10/2011 [9]: synthetic polymers (polyethylene wax, FCM 
No. 549, no specific migration limit, SML; polypropylene wax, FCM No. 550, no SML; 
isobutylene butene copolymer, FCM No. 577, no SML), mineral oil derived waxes (paraffinic 
waxes, FCM No. 93, SML 0.05 mg/kg food; refined waxes, FCM No. 94, no SML; white mineral 
oil, FCM No. 95, no SML); synthetic resins (petroleum hydrocarbon resins, FCM No. 97, no 
SML). The petroleum hydrocarbon resins (FCM No. 97) are specified as follows: “Petroleum 
hydrocarbon resins, hydrogenated, are produced by the catalytic or thermal polymerization of 
dienes and olefins of the aliphatic, alicyclic and/or monobenzenoidarylalkene types from 
distillates of cracked petroleum stocks with a boiling range not greater than 220 °C, as well as 
the pure monomers found in these distillation streams, subsequently followed by distillation, 
hydrogenation and additional processing.” These specifications cover also the substances [82]: 
“Polycyclopentadiene hydrogenated; dicyclopentadiene-indene-styrene-alpha-methylstyrene-
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vinyltoluene-isobutylene, copolymer, hydrogenated; alpha-methylstyrene-styrene, copolymer, 
hydrogenated; alpha-methylstyrene-vinyltoluene, copolymer, hydrogenated”. 
A part of the low molecular hydrocarbons may migrate via the gas phase into the food, since 
HMA are not supposed to be applied in direct food contact. During long term storage at ambient 
temperature, migration of hydrocarbons from recycled paperboard via gas phase was substantial 
up to n-C24 and reached to about n-C28 [83] [14] [84]. 
Only few publications focused on migrating HMA components: Bradley and Castle [30] 
investigated HMA among other adhesives in food packaging materials. A GC-MS screening has 
been performed and three HMA investigated exhibited a peak pattern unlike that known from 
mineral oil hydrocarbons. They observed distinct humps (2-4) of unresolved peaks in each 
sample. The mass spectra did not lead to sufficient library matches, but the authors assumed 
that some of these compounds originated from terpenes. Vera et al. [85] analyzed extracts of a 
polyolefin-based HMA used for cardboard packaging by gas chromatography/mass spectrometry 
(GC-MS) and identified cis- and trans-decalin (solvent for resins) as only volatile constituent 
potentially migrating into food. The gas chromatogram also shows a hump of unresolved 
(isomeric) material with higher retention, but it was not further considered. A further paper from 
the same group [31] listed 39 components detected by headspace and conventional GC-MS 
(methanolic extraction) in two commercial HMA and classified these by their Cramer classes 
[86]. Predominantly saturated and aromatic hydrocarbons were identified. The n-alkanes (C10-26) 
were attributed to paraffins and the “polycyclic aromatic components” to a “wax, oil or 
hydrocarbon resin”. The latter were categorized in Cramer class II (4 substances) and in class III 
(9 substances). Methylstyrene and diethyl phthalate exceeded their SMLs in a simulated 
migration test. Barp et al. [32] [33] reported the migration of saturated hydrocarbons from a HMA 
in recycled and virgin fiber cardboard folding boxes into pasta. In the MOSH fraction of high-
performance liquid chromatography on-line coupled to gas chromatography with flame ionization 
detection (HPLC-GC-FID), a hump centered at the GC retention time of n-C17 largely originated 
from the HMA and reached 5.2 mg/kg in the pasta (virgin fiber; storage time: 2 years). The HMA 
formulation was not described.  
Hydrocarbons commonly form complex mixtures. Their constituents can be classified by origin 
and saturation. Mineral oil hydrocarbons (MOH) are distinguished from synthetic hydrocarbons 
(polyolefin oligomeric hydrocarbons; POH), even though MOH may be strongly modified during 
raffination. For MOH, the terms mineral oil saturated hydrocarbons (MOSH) and mineral oil 
aromatic hydrocarbons (MOAH) were introduced by Biedermann et al. [1]. The term polyolefin 
52 Hydrocarbon contamination from hot-melt adhesives 
 
oligomeric saturated hydrocarbons (POSH) was used by Biedermann-Brem et al. [25], since 
there appeared to be structural similarities between MOSH and POSH [38] [62]. As an 
extension, the category of polyolefin oligomeric monounsaturated hydrocarbons (POMH) was 
introduced in Chapter 5 (page 26 ff.).  
MOSH were shown to be accumulated in rat tissues [87] [88]. Certain MOSH are accumulated in 
the human tissue. It was recently extrapolated that human bodies often contain 1-10 g MOSH 
(possibly including POSH) [64]. Many types of hydrocarbons (such as n-alkanes) are at least 
largely eliminated by metabolism, leaving behind an accumulated residue, the determinant 
structural elements of which could not be elucidated [65]. Some MOAH constituents are 
assumed to be genotoxic [3]. No MOAH accumulation was detectable in human tissues [64]. 
Currently legal limits for MOSH and MOAH in food are discussed for a proposed German 
regulation on mineral oil migrating from recycled paper and board [89].  
Low molecular hydrocarbons from HMA (up to at least C50) can be analyzed by the on-line 
HPLC-GC-FID method developed for the analysis of MOSH and MOAH [1] [38]. Normal-phase 
HPLC separates the hydrocarbons into saturated and aromatic species. The corresponding 
fractions are transferred on-line to GC and detected by FID, since this detector provides virtually 
the same response per mass for all hydrocarbons (i.e. circumvents the problem of response 
calibration). Transfer mostly occurs by an on-column method, such as the Y-interface [38], but 
matrices containing a high proportion of involatile hydrocarbons (such as HMA extracts) were 
transferred through a programmed temperature vaporizing (PTV) injector acting as a kind of filter 
for the involatile material [90]. Further information on the composition of hydrocarbons was 
obtained by other multidimensional methods. The MOSH fraction can contain monoenes from 
synthetic or plant origin by using an additional argentation HPLC separation (Chapter 5). 
Biedermann and Grob [44] distinguished mineral oils and synthetic hydrocarbons in foods by 
comprehensive two-dimensional gas chromatography (GCxGC). 
The work reported in this paper describes the low molecular mass hydrocarbons of some HMA. 
The analysis of raw materials enabled a better understanding of the composition. The 
constituents and final products were analyzed by on-line HPLC-GC-FID and for some examples 
by GCxGC. Migration into model foods was investigated. 
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7.2. Results and Discussion 
7.2.1. Low molecular mass components in the raw materials 
Waxes are a major ingredient of a typical HMA formulation. For five paraffinic waxes, the 
concentrations of low molecular mass MOSH and MOAH were determined by on-line HPLC-GC-
FID within defined ranges of molecular masses as approximated by GC retention times of n-
alkanes (simulated distillation). For the MOSH, the range from n-C16 to n-C20 corresponds to that 
for which the German Federal Institute for Risk Assessment (BfR) established a preliminary limit 
of 4 mg/kg food for migration from  formulating agents used in paper and board [19]. The cut at 
n-C24 corresponds to the upper limit for substantial migration of hydrocarbons from recycled 
cardboard through the gas phase at ambient temperature [14] [84]. There may also be relevant 
migration through touching contact if dry foods consist of fine powders [91], but touching contact 
is unlikely to be relevant for HMA. For the MOAH, the whole range up to the retention time of n-
C24 was measured, again limited by relevance for transfer through the gas phase. 
The left HPLC-GC-FID chromatograms of Figure 24 show a typical example of a paraffinic wax 
(P3 in Table 9). Apart from the internal standards, the main distinct peaks in the MOSH fraction 
(upper chromatogram) were attributed to n-alkanes. They were on a hump of incompletely 
resolved isomeric hydrocarbons. Most of the wax was eluted beyond n-C24.  
Four samples of paraffinic waxes (P1-P4) virtually exclusively consisted of MOSH below n-C50. 
The percentage of MOSH <n-C24 (predominantly C20-24) varied between 3.5 and 18.5 g/kg wax 
(Table 9). P5 did not fully dissolve in hexane. Merely 10 % was eluted below n-C50 and no 
detectable amount below n-C24. No further information was available, but it was assumed that 
this material was of synthetic origin. In all samples, the MOAH were undetectable with a limit of 
detection (LOD) of 0.1 g/kg. 
Table 9. Low molecular fractions of the paraffinic waxes and the ethene-octene copolymers analyzed. 
Product Type MOSH/POH [g/kg] Aromatics [g/kg]  
C16-20 C20-24 ≤C24 
P1 Paraffinic wax <0.1 18.5 <0.1 
P2 Paraffinic wax <0.1 7.3 <0.1 
P3 Paraffinic wax <0.1 3.5 <0.1 
P4 Paraffinic wax <0.1 10.5 <0.1 
P5 Wax (synthetic) <0.1 <0.1 <0.1 
PE1 Ethene-octene copolymer 0.20 0.15 <0.001 
PE2 Ethene-octene copolymer 0.33 0.12 <0.001 
PE3 Ethene-octene copolymer 0.16 0.03 <0.001 
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Polyolefins are the backbone of HMA. Three samples of ethene-octene copolymers were 
analyzed for aliphatic and aromatic hydrocarbons. They were not soluble in hexane and only a 
small fraction (<1 %) was eluted from GC. As shown in Chapter 5, the MOSH fraction of the 
HPLC-GC method applied included monounsaturated hydrocarbons, for POH meaning that 
POSH and POMH were combined. Typical chromatograms (those from PE2) are shown at the 
right in Figure 24. In the MOSH-fraction, distinct peaks with a repeat unit of two carbon atoms 
are on a hump of highly isomerized hydrocarbons. In the three samples available, the 
concentrations in the C16-24 range were between 0.2 and 0.5 g/kg, i.e. clearly lower than in four 
of the five paraffinic waxes. The concentration of aromatic hydrocarbons was below the 
detection limit of 0.001 g/kg (Table 9). 
 
Figure 24. HPLC-GC-FID chromatograms (MOSH and MOAH fraction) of raw materials: paraffinic wax (P3, left) 
and polyolefin (PE2, right); C11, Cycy, Cho, 5B, 1/2MN, TBB, Per, internal standards. 
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Figure 25 shows examples of HPLC-GC-FID chromatograms of hydrocarbon resins produced 
from C5, C9 and DCPD feedstocks. Series of humps, indicating a high degree of isomerization, 
are observed with intervals reflecting the monomers. The C5 trimers and tetramers (C15, C20), C9 
dimers (C18) as well as the cyclopentadiene trimers and tetramers (C15, C20) fall into the range of 
the C16-24 hydrocarbons potentially migrating into dry foods at ambient temperature. Hydrocarbon 
resins were the only ingredient containing hydrocarbons in the MOAH fraction. 
 
Figure 25. GC chromatograms (MOSH and MOAH fraction) of C5 (left; HR1), C9 (middle; HR10) and DCPD 
(right; HR16) hydrocarbon resins. 
In the MOSH fraction, the hydrocarbons C16-24 amounted to 8.2-118 g/kg resin, in the MOAH 
fraction to <0.1 to 59 g/kg (Table 10), decreasing with increasing melting point and molecular 
mass. These concentrations are many times higher than in paraffinic waxes and the polyolefins, 
indicating that the hydrocarbon resins are the most relevant source of hydrocarbons potentially 
migrating from HMA into dry foods.  
In the 1H-NMR spectra, no significant signals for protons of olefins (shift: 4.5-6.6 ppm; LOD <0.1 
% of all protons; [92]) were observed. In fact, olefinic double bonds are saturated first during 
hydrogenation. Signals for aromatic protons (shift: 6.6-9.0 ppm; [93]), confirming the aromatic 
nature of the hydrocarbons in the MOAH fraction, were found in most samples. From the results 
of Table 10, a correlation between the percentage of the protons associated to aromatic rings to 
the proportion of aromatic hydrocarbons in the hydrocarbon resin can be assumed. The values 
differ primarily because the GC-FID determination of MOAH includes the saturated part of the 
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molecule and is limited at ≤C35. Hydrocarbons of higher molecular weight are not determined by 
this method. 
The 1H-NMR analysis confirmed the information of the supplier that two samples (C5: HR6; 
DCPD: HR16) were aromatic-modified by addition of C9 feedstock. The relatively small amounts 
of aromatic hydrocarbons in some C5 and DCPD resins (≤0.5 % aromatic protons) are assumed 
to be impurities in the feedstock or a contamination (carryover) from previous processing. 
Table 10. Data from hydrocarbon resins. 
Product Type Softening 
temperature 
[°C] 
Relative proportion of 
aromatic protons (1H 
NMR) [%] 
MOSH fraction 
[g/kg] 
MOAH fraction 
[g/kg]  
C16-20 C20-24 <C24 C24-35 
HR1 C5 130 0.5 2.8 39.2 <0.1 <0.1 
HR2 C5 100 0.1 5.3 8.6 2.2 5.3 
HR3 C5 100 0.1 41.0 54.1 1.9 <0.1 
HR4 C5 100 0.4 48.4 48.1 2.5 3.8 
HR5 C5 100 0.4 48.3 64.5 1.9 2.6 
HR6 C5 100 8.6 2.4 31.3 21.3 68.8 
HR7 C9 125 3.0 28.1 1.6 1.0 3.9 
HR8 C9 125 3.3 33.1 1.2 2.6 10.9 
HR9 C9 125 1.8 3.6 2.9 0.5 1.3 
HR10 C9 100 8.9 41.1 8.7 22.4 82.1 
HR11 C9 100 38.9 1.7 <0.1 59.1 105.9 
HR12 C9 100 1.2 21.2 7.7 0.5 1.3 
HR13 C9 100 3.9 36.6 10.9 0.6 7.0 
HR14 C9 90 0.9 44.2 10.7 0.7 3.6 
HR15 DCPD 120 <0.1 8.1 44.1 <0.1 <0.1 
HR16 DCPD 100 10.0 0.8 7.4 5.2 66.9 
HR17 DCPD 100 0.1 13.1 76.2 2.0 4.8 
HR18 DCPD 90 0.2 10.1 108.3 3.1 9.3 
 
Figure 26 shows the most relevant sections of GCxGC chromatograms with MS detection in total 
ion mode for the three samples for which the HPLC-GC-FID chromatograms were reproduced in 
Figure 25 (no preseparation). Plots are shown with the same attenuation, but since the intensity 
of the molecular ion probably varied, no strict quantitative comparison is possible. 
In the configuration used, a polar first dimension column (OV-17) and a non-polar second 
dimensional column, the aromatic hydrocarbons were located low in the plots (eluted early in the 
2nd dimension), the olefins and saturated ones above them, for the saturated hydrocarbons in 
the principal sequence (upwards) of the polycyclics – monocyclics (alkyl cyclopentanes and alkyl 
cyclohexanes) – straight chain alkanes – branched alkanes [65]. The position of straight chain 
alkanes was marked by the added n-eicosane (n-C20; top in the section of the plot reproduced in 
Figure 26). Saturated and aromatic hydrocarbons were distinguished by preseparation, using the 
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HPLC of the HPLC-GC method (not shown) as well as selective detection of the fragments m/z 
91 (tropylium ion) and 105 (methyltropylium ion) formed by rearrangement of fragments after 
(alkyl-) benzyl cleavage [94]. The added 1,3-diphenoxy benzene (DPB) was eluted early on the 
second column (bottom of the section shown). 
 
Figure 26. Sections of GCxGC-MS plots obtained from C5 (top; HR1), C9 (center; HR10) and DCPD (bottom; 
HR16) hydrocarbon resins; encircled: aromatic hydrocarbons. 
For C5 resins (mainly made of open chain and cyclic C5 olefins), a high degree of hydrogenation 
was mentioned by the supplier, which was confirmed by the virtual absence of olefins and 
aromatics (top plot in Figure 26). The trimers (C15), tetramers (C20) and pentamers (C25) formed 
clusters, each consisting of many isomers (partial separation being visible for the trimers). The 
clusters were located in the center of the plot (far below the n-alkanes), which indicates 
polycyclic alkanes. 
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As an example, the C5 tetramers (C20) were further resolved by selective detection of molecular 
ions. At the left in Figure 27, the total ion plot of the corresponding region is reproduced, the 
relevant cluster being encircled and the same circle reproduced in the plots of specific ions to 
the right. The first of these specific plots summed the molecular ions of the alkylated C19 
hydrocarbons of relevant intensities, which was found to be with 3 to 5 double bond equivalents 
(DBE), i.e. masses reduced by pairs of hydrogens as compared to the open-chain saturated 
compound, indicating a ring or a double bond. A slanted band is observed at relatively early first 
dimension elution (at the left of the cluster), as the molecules were reduced by a carbon atom 
compared to the bulk. The majority of the constituents were C20 alkanes with 3-6 DBE (third 
plot), followed by C21 and C22, displaced towards the right in the plot. Since 1H NMR showed no 
significant olefinic and aromatic signals, the DBE were interpreted as 3-6 rings, which is in 
agreement with the position in the plot. The formation of C19, C21 and C22 species indicates 
incorporation of monomers other than piperylenes and cyclopentenes. 
 
Figure 27. Sections of GCxGC-MS plots of C5 tetramers resolved by number of carbon atoms (summed 
molecular ions for components of differing DBE/ring numbers). 
 
Figure 28. Sections of GCxGC-MS plots of the predominant C5 tetramers: C20 with 3-6 rings (m/z 276, 274, 272, 
270). 
The prevalence of ring numbers was determined for the C20 species by selecting the 
corresponding molecular ions (Figure 28). Components with 3 to 6 cycles were detectable (as 
also for the other tetramers; not shown), with lower locations in the plot the more rings they 
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contain. The predominance of constituents with 6 cycles indicates a high proportion of C5H6 
monomers (mainly cyclopentadiene) besides C5H8 monomers (piperylenes, cyclopentene). 
Proposals of oligomerization reactions and tentative tetramer structures are illustrated in Figure 
29. 
 
Figure 29. Proposals of reaction paths for certain C5 monomers (piperylene and cyclopentadiene) and 
tentative structures of tetramers (hydrogenated; C20 species with 3-6 rings). 
According to Table 10, the partially hydrogenated C9 resin HR10 included 22.4 % aromatic 
hydrocarbons; 1H NMR ruled out the presence of a significant proportion of olefinic moieties. The 
aromatic components were eluted below the saturated ones (in the center plot of Figure 26 
encircled for the di- and trimers). Figure 30 focuses on the dimers, with the corresponding 
section of the total ion chromatogram in the upper left. For the other plots, molecular ions were 
selected for hydrocarbons with 17 to 20 carbon atoms and the number of DBE indicated (e.g. 4 
for an aromatic ring). The molecular mass of the species with 7 and more DBE was the same as 
of species having one carbon atom less and only few DBE, but the distinction was possible by 
their position in the plot: for example C17:3 is represented at the left and above of C18:10 (one 
carbon less), because components with a high DBE likely include 1-2 aromatic rings (third plot in 
the upper row of Figure 30). 
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Figure 30. Sections of GCxGC-MS plots of the predominant C9 dimers (chemical structures are shown in 
Table 11). Numbers refer to the spectra shown in Figure 26. 
The monomers listed by Mildenberg et al. (Table 8, [29]) were used for a tentative identification 
of the components: C8H8 (styrene), C9H10 (α-methylstyrene, vinyltoluene), C10H12 
(dicyclopentadiene), C9H8 (indene) and C10H10 (methylindene). Linear oligomerization without a 
significant proportion of cycloaddition or other cyclization reactions was assumed for the 
structural examples in Table 11. The quantitatively most important constituents were of C18 with 
2-10 DBE: 2-4 rings including 0-2 aromatic ones. Mass spectra of an example of a saturated 
(labelled “1”), monoaromatic (“2”) and diaromatic (“3”) compound are shown in Figure 31.  
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Table 11. Tentative identification of the predominant C9 dimers (one structure is shown for each example). not 
detectable (n.d.); not possible (n.p.). 
C9 dimers Saturated:  
+0 DBE; (M+ m/z) 
Monoaromatic:  
+3 DBE; (M+ m/z) 
Diaromatic: 
+6 DBE; (M+ m/z) 
2 rings (2 DBE):    
C17 (C8H8 + C9H10) C17H32 (236) 
 
C17H26 (230) 
 
n.d. 
C18 (C9H10 + C9H10) C18H34 (250) 
 
C18H28 (244) 
 
C18H22 (238) 
 
3 rings (3 DBE):    
C17 (C8H8 + C9H8) C17H30 (234) 
 
C17H24 (228) 
 
n.d. 
C18 (C9H10 + C9H8; C8H8 + C10H10) C18H32 (248) 
 
C18H26 (242) 
 
C18H20 (236) 
 
C19 (C9H10 + C10H10) C19H34 (262) 
 
C19H28 (256) 
 
C19H22 (250) 
 
4 rings (4 DBE):    
C18 (C9H8 + C9H8) C18H30 (246) 
 
C18H24 (240) 
 
C18H18 (234) 
 
C19 (C9H8 + C10H10; C9H10 + C10H12) C19H32 (260) 
 
C19H26 (254) 
 
C19H20 (248) 
 
C20 (C10H10 + C10H10) C20H34 (274) 
 
n.d. n.d. 
5 rings (5 DBE):    
C19 (C9H8 + C10H12) C19H30 (258) 
 
C19H24 (252) 
 
n.p. 
C20 (C10H10 + C10H12) C20H32 (272) 
 
n.d. n.p. 
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Figure 31. Mass spectra of an example each of a saturated (1 in Figure 30, C18:3, top spectrum), a 
monoaromatic (2, C18:6, center) and a diaromatic hydrocarbon (3, C18:9, lower spectrum) and tentative 
interpretations. 
The bottom plot of Figure 26 was obtained from a DCPD resin (HR16) containing 5.2 % aromatic 
hydrocarbons from an addition of C9 feedstock (information by the supplier; Table 10). Aromatic 
moieties were observed for trimers and tetramers of cyclopentadiene, whereby coelution 
occurred in the 2nd dimension for the latter. Compared to the C9 and C5 oligomers, the DCPD 
oligomers were positioned low in the plot, which was attributed to the higher number of rings.  
Figure 32 shows the molecular ion plots of the C19-C21 hydrocarbons. Some molecular ions allow 
two interpretations. For instance, m/z 250 could be a C18:2 or C19:9 species, but the position in the 
plot clarifies: The C19 compounds could originate from a dicyclopentadiene and a C9 moiety. An 
aromatic ring would explain the high number of DBE (5 for saturated rings and 4 for an aromatic 
ring). In fact, most intensity in the signals is seen at the bottom of the plot, which confirms that 
they are C19:9 rather than C18:2 compounds. As an example, the mass spectrum and a possible 
structure of the C19:9 (dicyclopentadiene + indene, “5” in Figure 32) are shown in Figure 33. 
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Figure 32. Sections of GC x GC-MS plots of the predominant C20 oligomers of a mixed DCPD/C9 resin: 
saturated (C19:5, C19:6, C19:7, C20:5, C20:6, C20:7, C21:5, C21:6, C21:7) and monoaromatic hydrocarbons (C19:8, C19:9, 
C19:10, C20:8, C20:9, C21:8, C21:9). 
The predominant C20 compounds had the molecular mass of C20:7 (hydrogenated 
cyclopentadiene tetramer): the mass spectrum of the compound “4” is shown in Figure 33. They 
were eluted at the height in the plot corresponding to a polycyclic saturated hydrocarbon. 
Saturated C20 species can also contain 5-6 rings, which involved addition by a single bond 
besides the predominant cycloaddition of the monomers. The signals with the masses of C20:8 
and C20:9 were positioned lower, suggesting an aromatic ring and could have represented 
reaction products between methyldicyclopentadiene and a C9 monomer (indene) or 
dicyclopentadiene and a C10 monomer (methylindene). The C21 compounds, mainly with 5-7 
DBE, could include methyl(di)cyclopentadienes as a co-monomer, supported by a similar height 
in the plot as the cyclopentadiene tetramer, but shifted towards the right owing to the additional 
carbon atom. 
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Figure 33. Mass spectra and tentative assignment of structure of a saturated C20:7 constituent: 
cyclopentadiene tetramer (4, upper spectrum) and a monoaromatic DCPD/C9 reaction product of C19:9: 
dicyclopentadiene + indene (5, lower spectrum). 
Most of the detected and identified compounds are probably covered by the approved additive 
FCM 97 referred to as ‘petroleum hydrocarbon resins, hydrogenated’ in the plastic regulation 
10/2011 (without SML, [9]). This FCM 97 was authorized based on an EFSA opinion on tritium-
labelled polycyclopentadiene resins considered representative for all above materials [82]. A low 
uptake (0.69 %) was stated – surprisingly low compared to findings for mineral hydrocarbons 
summarized by EFSA [3]. Further, from the administration of 14 daily oral doses it was 
extrapolated that the half-lives in most tissues were in the range of 3.6 – 5.9 days, though longer 
ones for mesenteric lymph nodes (10.8 days) and abdominal fat (18.1 days). In the light of the 
more recent data on accumulation of certain MOSH in human tissues it would be interesting to 
know whether this experiment really proofs the absence of accumulating low molecular weight 
components in the mixture applied to the rats and whether the substance tested covers all 
hydrocarbons included in the category of petroleum hydrocarbon resins (FCM No. 97).  
For an analyst, it cannot be clear which of the detectable compounds are covered by the 
approval of an UVCB substance (Substance of Unknown or Variable composition, Complex 
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reaction products or Biological materials) like FCM 97. For some of the detected substances, 
such as the aromatics, it may be assumed that they are not addressed by FCM 97. Therefore, a 
TTC evaluation (in-silico tool) can be applied. The ToxTree software, predicting toxicity on the 
basis of the chemical structure in terms of genotoxicity [95] and Cramer classes [96], was 
applied to oligomers of the C5, C9 and the DCPD resin in the range of C17-22. As none of the 
hydrocarbons was predicted to be genotoxic, the Cramer classes according to the Threshold of 
Toxicological Concern (TTC) were applied. For hydrocarbons with at least 3 rings or an aromatic 
ring (almost all oligomers encountered) the software suggests Cramer class III (“substances of a 
chemical structure that permits no strong initial presumption of safety, or that may even suggest 
significant toxicity”) with a threshold of 90 μg/person/day. For the bicyclic saturated C9 dimers 
(C17:2, C18:2) it suggests class II (540 μg/person/day). However, the classification according to 
Cramer is not applicable in case of accumulating substances [86]. 
7.2.2. Migration tests 
Migration from the HMA may occur by diffusion through of the narrow open space between the 
glued pieces of cardboard (from the small lateral surface of the HMA oriented towards the 
packed food, marked A in Figure 34) as well as through the cardboard on the food-oriented side 
(from a far larger surface area; B). This suggests that the migration depends on numerous 
factors, such as the amount of HMA applied, the thickness of the layer on the food-oriented side 
(path A), the surface area on the cardboard (path B), the permeability of the cardboard (barrier 
efficiency) and partitioning between the HMA, the cardboard (the HMA may even extract 
hydrocarbons from the cardboard), and the food. 
 
Figure 34. Migration paths from the HMA through the cardboard folding box into food. 
66 Hydrocarbon contamination from hot-melt adhesives 
 
Migration was determined for the hot-melt adhesives HMC9 and HMDCPD using the configuration 
shown in Figure 39 (Section 9.2.1; page 84 ff.) and polenta as model food. Migration of the 
components listed in Table 12 is calculated as concentration in the polenta and percentage of 
the content in the HMA. The highest migration was observed for the polenta directly placed onto 
the HMA and the most volatile constituents, but it still only reached 1.9 % (C9 dimers). As this 
reflected the partitioning between the non-polar HMA and the more polar food matrix (high 
affinity of the HMA for hydrocarbons), higher migration may be expected when more food is in 
contact with the HMA, as in a real food package, or the food contains more lipids than polenta. 
For this arrangement, also a small amount of hydrocarbons beyond those typically transferred 
through the gas phase migrated, such as the trimers and tetramers of cyclopentadiene (DCPD 
resin), indicating minor migration via touching contact [91]. This was not observed for the 
arrangements with cardboard between the HMA and the polenta.  
As it avoided interference with MOSH, fresh fiber cardboard was used to model the transfer 
through cardboard. Migration was reduced by a factor of almost two for the C15 to C20 
hydrocarbons and more strongly for the higher mass ones. For the components of sufficient 
volatility, it corresponded to roughly 1 % of the content in the HMA. 
Table 12. Migration test for the adhesives HMC9 and HMDCPD: concentrations in the polenta and percentages of 
the content in the HMA. 
Substances Concentration 
in HMA [g/kg] 
Migration in polenta [mg/kg] / percentage [%] 
Without cardboard Virgin fiber 
Saturated C9 
dimers (C18) 
12.1 70.7 / 1.7 46.3 / 1.3 
Saturated C9  
trimers (C27) 
19.5 65.2 / 1.0 8.7 / 0.1 
Saturated C9  
tetramers (C36) 
20.2 5.1 / <0.1 <0.1 / <0.1 
Aromatic C9  
dimers (C18) 
4.3 22.8 / 1.6 12.32 / 0.9 
Aromatic C9 
trimers (C27) 
14.0 49.6 / 1.1 4.6 / 0.1 
Aromatic C9  
tetramers (C36) 
15.0 4.6 / 0.1 <0.1 / <0.1 
Saturated CPD  
trimers (C15) 
3.0 11.8 / 1.0 4.7 / 0.5 
Saturated CPD 
tetramers (C20) 
25.9 98.0 / 1.0 45.7 / 0.5 
Saturated CPD 
pentamers (C25) 
40.0 75.2 / 0.5 7.5 / <0.1 
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7.2.3. Migration into food 
The migration from the HMA in the bottom closure of a folding box was determined in risotto rice 
(500 g) packed in a box of virgin fiber cardboard (7.5 dm2). As the composition of the HMA was 
unknown, a sample (roughly 0.5 g) was separated from the cardboard and analyzed by HPLC-
GC-FID (Figure 35). The peak pattern resembles that of the C9 resin in Figure 25 (middle 
chromatograms), with a hump in the range of the n-alkanes C16-24. The subsequently eluted 
humps centered on C27 (trimer) and C36 (tetramer) support the presence of a C9 resin, which was 
probably used as tackifier. The concentration of the hydrocarbons in the HMA eluted before 
n-C24 was 20 g/kg in the MOSH fraction and 6 g/kg in the MOAH fraction. The sharp peaks 
beyond n-C24 in the MOSH fraction belong to n-alkanes of a paraffinic wax centered on n-C40.  
 
Figure 35. HPLC-GC-FID chromatograms (MOSH and MOAH fraction) of the HMA used for the closure of the 
rice folding box. 
The migration from the HMA was determined for the bottom layer of rice in the packaging (1 cm, 
25 g) assuming a contamination is most probable near the glued closure. The concentrations of 
the C9 dimers (C18) in the MOSH and the MOAH fraction were 2.7 and 0.7 mg/kg, respectively 
(Figure 36). The virgin fiber cardboard outside the glued region was also analyzed to rule out the 
interference by MOSH and MOAH. The peak patterns of the extracts from the cardboard, rice 
and HMA are shown in the expanded relevant section of the chromatograms to confirm that the 
migrated hydrocarbons were largely from the HMA (Figure 37). In the 25 g rice sampled at half 
height in the packing, the concentrations were near the detection limit (0.3 and 0.1 mg/kg in the 
MOSH and MOAH fraction, respectively), which confirmed that the contamination was from the 
HMA used in this box. 
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Figure 36. MOSH and MOAH fraction of the extract from the bottom layer of rice in the box. 
 
Figure 37. Sections (C16-24) of the HPLC-GC-FID chromatograms obtained from the virgin fiber cardboard, the 
rice from the bottom layer and the HMA to confirm the origin of the migrated hydrocarbons from the HMA 
(MOSH and MOAH fraction); injection and attenuation adjusted to produces similar peak sizes. 
The totally 3.4 mg/kg migrated HMA hydrocarbons in the 25 g rice analyzed correspond to an 
amount of 85 µg. As the approximately 0.5 g HMA in the bottom closure contained 26 g/kg of 
these hydrocarbons (13 mg), this migration corresponded to 0.65 %. This estimation neglects 
that the original concentration in the HMA was higher than that measured (some had migrated or 
may have evaporated) and that not only the 1 cm bottom layer of the rice was contaminated. 
This is in the same order of magnitude as the previously found food contamination of 1.5 mg/kg 
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in pasta packed in virgin fiber cardboard (storage time: 3 months, [33]). Nonetheless it confirms 
the result of the above migration test that merely a small proportion of the low molecular mass 
hydrocarbons migrate. 
7.3. Conclusion 
Hydrocarbons from HMA may be a relevant contribution to food contamination. During routine 
analysis, they are easily mistaken for MOH. 
HMA used for folding boxes mainly consist of waxes, polyolefins and hydrocarbon resins. The 
hydrocarbon resins, functioning as tackifiers, turned out to be the predominant source of 
hydrocarbons migrating into dry foods: the 18 products analyzed contained 8.2-118 g/kg 
saturated and up to 59 g/kg aromatic hydrocarbons in the range of C16-24, which is substantially 
more than in the waxes and the polyolefins investigated. Since roughly 1 g HMA is typically used 
for closing a folding box, this amounts to 8.2-118 mg saturated and up to 59 mg aromatic 
hydrocarbons. Total transfer into, e.g., 500 g packed food would result in a contamination at 
16.4-236 mg/kg. The gas phase transfer, the small surface area of the HMA and the partition 
between cardboard, HMA and food seems to keep the migration low (around 0.5-1.5 % were 
measured). However, small sized packagings and food with higher fat content could lead to 
higher migration values. 
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8. General discussion 
This thesis aimed to bring further insights into the diverse topic of hydrocarbon mixtures as food 
contaminants migrating from packaging materials. The sources of these contaminants can be 
divided roughly into mineral oil origin and synthetic origin (with flowing transitions between both). 
For mineral oil hydrocarbons from recycled cardboard, the approach on reducing the migration 
by functional barriers was extended with an investigation on cardboard modifications 
incorporating barrier layers or adsorbents in this thesis. Furthermore migrating hydrocarbon 
mixtures from polyolefins (granulates and sealing layers) were analyzed regarding their chemical 
structures and their migration into food. For hot-melt adhesives, raw materials were examined 
regarding their chemical structures and their migration potentials for the first time. This chapter is 
closed by a conclusion and an outlook for further research. 
8.1. Mineral oil hydrocarbons and functional barriers 
The migration of mineral oil hydrocarbons (MOH) was first observed for dry foods (e.g.: rice, 
cacao beans, hazelnuts, coffee, almonds and oil seeds) stored in jute bags in the 1990s and 
could easily exceed 100 mg/kg in the food [35] [97]. This source of contamination was partially 
reduced by the minimization or avoidance of mineral oil containing batching oils for jute and sisal 
bags. Since the millennium, the focus has shifted to printing inks and recycled cardboard 
packaging as most recognized source for hydrocarbon contamination from FCM. Mineral oil 
containing printing inks can either release hydrocarbons directly from the printing of folding 
boxes into food or indirectly entering the recycling chain of cardboard material by printed 
products (non-FCM), such as newspapers. In the meantime, the contamination via the printing 
ink of food packaging was avoided by the converters via replacement of the mineral oils. 
However, this is not the case for newspaper printings, which are still the main source of the 
contamination of recycled fibers. Since there is a deadlock between the different stakeholders in 
Germany and at the same time, a harmonization of trade regulation concerning recycled 
cardboard on a global level seems to be far away, MOH entering the recycling process will not 
be reduced in the near future. 
In general, hydrocarbon mixtures consist of thousands of substances and form unresolved 
signals in chromatography. The common one-dimensional analytical techniques, such as gas 
chromatography, reach their limits regarding these analytes. Therefore, the enhancement or the 
combination of analytical tools, which means the introduction of another dimension, is 
necessary. For mineral oils, Biedermann et al. [1] used an additional presepration step by HPLC 
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(silica gel) before GC analysis. This enables a separation of mineral oil saturated hydrocarbons 
(MOSH) and mineral oil aromatic hydrocarbons (MOAH) as well as retaining interfering polar 
matrix components, which are trapped on the column. Internal standards verify the correct 
fraction and enable the quantification of the isomeric hydrocarbons (unknowns) by FID without 
calibration. This mineral oil method is limited due to coeluting monoenes in the MOSH fraction 
and coeluting polyenes in the MOAH fraction. Another multidimensional analytical technique is 
GCxGC, which separates the analytes on two different columns firstly by volatility and secondly 
by polarity. This technique is predestinated for a group-type analysis of complex mixtures, such 
as petrochemical samples [45]. The obtained 2D plots can be extended to 3D plots by the mass 
spectra of the analyzed compounds. For mineral oil hydrocarbons, this analytical tool enables 
the differentiation into linear, branched and cyclic alkanes as well as into mono-, di-, tri- and 
polyaromatics [14].  
The migration of mineral oil hydrocarbons from recycled cardboard into dry foods was 
determined in a survey comprising 119 products samples in April 2010 from the German market 
[17] [50]. At the end of their shelf life, the average MOSH concentration in the foods amounted to 
14.3 mg/kg, with a maximum at 101 mg/kg. The average MOAH concentration was 2.2 mg/kg, 
with a maximum at 13.2 mg/kg. The toxicology of these migrating contaminants has been 
evaluated several times. The most thorough and recent evaluation is from EFSA [3]. It includes 
an estimate of human exposure. As there are probably carcinogenic components among the 
MOAH, no safe dose could be established. For MOSH, the data base was considered 
insufficient for setting a tolerable daily intake (TDI) because of insufficient specifications of the 
mixtures used for testing and unknown accumulation in human tissues. The accumulation in the 
liver could lead to a formation of microgranulomas, which were associated with inflammatory 
reactions. For both MOSH and MOAH, present human exposure was considered of “potential 
concern”. Therefore, a regulation regarding migrating MOH from recycled cardboard is in 
progress [89] (proposed limits: MOSH C10-16: 12 mg/kg; MOSH C17-20: 4.0 mg/kg; MOSH C21-35: 
2.0 mg/kg; MOAH C10-35: 0.5 mg/kg) and migration barriers are moving into the spotlight.  
Functional barriers protecting foods from migrating compounds released from FCM were 
investigated thoroughly for inner pouches by Richter et al. [22] in 2014. They showed that 
already proper solutions are available on the market and the integration of functional barriers 
into these bags is in progress since the findings of [50] in 2011. In Chapter 4, the suitability of 
incorporated barriers or adsorbent in/on cardboard was examined. The barrier test indicated that 
the barrier layers on the internal surface of the cardboard boxes available in early 2014 were of 
clearly lower efficiency than those in internal bags [22]. Two of the three barriers kept the MOH 
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migration below the limits proposed by the German authorities. However, they may not be 
sufficient to render recycled cardboard generally compliant with the legal requirement of safety 
with regard to the many non-evaluated or even non-identified substances potentially migrating 
from such cardboard [39] [49] [66]. Among the cardboards tested, incorporating active carbon as 
an adsorbent appeared to be most promising: it avoided all routes of migration. Its performance 
still needs to be verified, as barrier tests are not necessarily adequate for active carbon. The 
adsorbent could be saturated by compounds from the printing or the packed food resulting in a 
release of substances from the recycled cardboard. No such effect has been described so far, 
but it cannot be ruled out by the data presently available. Another option to handle the migration 
of mineral oils from recycled cardboard is the replacement by virgin fiber board, which is mostly 
free of MOH. Transport boxes (corrugated board) containing a certain amount of recycled fiber 
can contaminate the foods packed in virgin fiber boxes. This cross-contamination of secondary 
cardboard packaging can be monitored by a significant increase of DIPN in the MOAH fraction 
[19] [33]. During the storage test performed in this thesis, the migration of MOSH from 
secondary packaging reached 1.5 mg/kg and MOAH 0.4 mg/kg, which is in accordance to 
previous findings of Barp et al. [33]. This means that virgin fiber cardboard could be generally 
compliant to the proposed limits of the German authorities regarding MOH, but the migration 
from the transport box or surrounding recycled cardboard boxes has to be taken into account. 
8.2. Polyolefin oligomeric hydrocarbons 
Plastic materials, especially polyolefins, contain a certain amount of oligomeric materials as a 
by-product of polymerization. In fact, the oligomer fraction provides plasticizing characteristics to 
the final product. The polyolefin oligomers have been investigated hardly compared to the 
polyolefin in total. One of the few studies was published by Dilettato et al. [26] on extracts of 
polyethylene granulates. The authors observed triplets of n-alkanes, n-alkenes and n-
alkylcycloalkanes for the even-numbered hydrocarbons during GC-MS analysis. Since 
monounsaturated and monocyclic hydrocarbons are hardly distinguishable by mass spectra, the 
structural elucidation was tentative. Another publication from Greenwood [27] compared 
oligomers in polypropylene (PP) granulates with highly branched alkanes in different 
environmental hydrocarbons of microbial origin. He showed that several oligomer peaks are 
attributable to monounsaturated vinylidenes by GC-MS, besides the predominant proportion of 
saturated oligomers. The peak pattern of the GC analysis revealed humps of isomeric 
substances with a C3-interval between them. Van Castelli et al. [28] identified the structural 
properties of monounsaturated hydrocarbons from a linear low density polyethylene (LLDPE) by 
NMR (1H, 13C). The major species were olefins with double bonds in alpha, beta or gamma 
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position and vinylidenes. The three publications show that the saturated hydrocarbons 
predominate the oligomers, but also that there may be a substantial proportion of olefins.  
In Chapter 5, a new method was developed to determine olefins within the polyolefin oligomers 
as a new subgroup. Since monounsaturated hydrocarbons were eluted together with saturated 
hydrocarbons in the HPLC fraction (silica gel column), an additional preseparation step by 
argentation HPLC was incorporated into the existing HPLC-GC method of Grob & Biedermann 
[38] as an extension. In fact, the additional fraction of monoenes was introduced besides the 
MOSH fraction (saturates) and the MOAH fraction (aromatics, polyenes). The column and valve 
setup enables an easy adaption in existing devices (dual-pump HPLC-GC-FID). The direct 
analysis via argentation chromatography was preferred compared to derivatization of olefins 
(epoxidation, bromination) as an indirect approach. The silver-impregnated column was made in 
the laboratory similar to the method of Christie [72], which was intended for preparing a column 
to separate cis and trans unsaturated fatty acids. In short, an aquaeous silver-nitrate solution 
(0.3 %) was introduced into a conventional silica column for impregnation. The column was dried 
in a GC oven and afterwards reconditioned from acetone to n-hexane. The impregnation of silica 
gel with silver ions leads to an additional retention of double bond containing substances, which 
means that saturated hydrocarbons can be eluted unaffectedly and monoenes are trapped on 
the column. In Chapter 5, the detection of monounsaturated species among the polyolefin 
oligomers was proven by the analysis of two granulates. The LDPE sample contained 30% and 
the PP sample 20% of monoenes in proportion to the total content of polyolefin oligomeric 
hydrocarbons (POH, C16-35). Furthermore, the term POMH (polyolefin oligomeric 
monounsaturated hydrocarbons), inspired by POSH (polyolefin oligomeric saturated 
hydrocarbons), was introduced to define these monoenes by their origin. Since mineral oils 
migrating from recycled cardboard do not contain monounsaturated species in significant 
amounts, the analysis of POMH can help to distinguish the sources of hydrocarbon 
contaminations in food. 
Recently, the same approach incorporating argentation chromatography into the on-line HPLC-
GC method for mineral oils [38] was used from Zoccali et al. [98] for a clean-up of the MOAH 
fraction from polyenes. This application could replace the time consuming off-line clean-up by 
epoxidation commonly used for polyenes from plant origin, such as squalene and carotenoids. 
GCxGC can also be combined with an off-line HPLC preseparation involving a silver-
impregnated column like shown from Mao et al. [70] in 2008 for the analysis of oils and oil 
polluted soils. By trapping the olefins, this coupling enables a differentiation of unsaturated and 
cyclic components, which is commonly difficult due to their equal mass defect of 2 hydrogen 
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atoms. In this thesis, the correct fractionation into saturated and monounsaturated species was 
also verified by GCxGC including the double preseparation (silica gel and silver-impregnated 
silica gel) in off-line mode. The correct assignment of open-chain POSH (POSHOC), POMH and 
cyclic POSH (POSHCY) in the 2D-plots was performed for the first time. These findings were 
taken into account by McCombie et al. [81] in 2016 for the current group-typing of polyolefin 
oligomers. The oligomers form homologous series of POSHOC, POMH, POSHCY and oxidized 
oligomers (POHOX) in the 2D plots (top down). An interference of each homologous series by 
another series is dependent on the amount of highly branched oligomers within the 
corresponding type.  
A comprehensive study on polyolefinic sealing layers and its raw materials (granulates) was 
performed within this thesis (Chapter 6) utilizing the new HPLC-HPLC(Ag+)-GC method and 
GCxGC. The mentioned group-typing [81] of polyolefin oligomers (C16-35) has been applied to 
two sealing layers and their corresponding granulates. One sealing layer was based on PP and 
the other on a mixture of LDPE/LLDPE. Two PP granulates provided the majority of the first 
layer, the distinction of the oligomers revealed a monounsaturated share of 10% besides the 
majority of POSH. The sealing layer and the granulates show small humps of isomeric oligomers 
in GC with a C3 gap between them like shown before by [27] [25]. The GCxGC analysis 
confirmed the occurrence of highly branched oligomers, predominantly POSHOC analogous to 
the findings of [81]. For the first time, it could be shown that a significant new-formation or 
degradation of polyolefin oligomers during extrusion of several granulates to a commercial 
sealing layer was not observable. Further, a change in the type of oligomers could be ruled out, 
which was also shown for the PE-based sealing layer. The peak patterns of the PE sealing layer 
in GC and GCxGC can be reconstructed from those of the corresponding granulates. The LDPE 
granulate contained 35% POMH and showed predominantly branched oligomers resulting in an 
unresolved hump in 1D GC and coeluting homologous series in 2D GC. On the contrary, the 
oligomers of both LLDPE (≈28% POMH) were mainly of linear nature in compliance with [81]. 
Further, POHOX (predominantly ketones) only were detected in LDPE. This PE type also 
exclusively contained POSHCY (alkylated cyclopentanes and –hexanes), which contributes 
considerably to the POSH in the analyzed granulates (10-30%) and sealing layer (≈10%). It may 
be speculated that POSHCY and POHOX may be formed during radical polymerization, in case of 
the POSHCY by ‘back biting process’ or ‘radical cyclisation’, in case of POHOX by the peroxidic 
initiators. In a preliminary test, the values of saturated and monounsaturated oligomers (C16-35) of 
five sealing layers, including the two discussed, varied by a factor of 5: POSH 180-995 mg/kg 
and POMH 90-435 mg/kg. These findings could help to estimate the migration potential and the 
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identification of hydrocarbon contaminants originating from polyolefinic sealing layers. 
Furthermore, current data of polyolefin granulates (n=50) showed that the content of POH can 
range by a factor of 20 (150 – 3000 mg/kg in granulates of homo/hetero polymers involving 
ethylene and propylene). An increased minimization factor of polyolefin oligomers by the choice 
of raw materials seems to be possible compared to the factor figured out for sealing layers 
among this study. However, the technical feasibility has to be examined in the future. 
Plastic packaging, such as inner bags, can be used as additional packaging component for 
cardboard folding boxes as well as a complete alternative designated to avoid recycled 
cardboard in contact with dry foods. For aquaeous and fatty foods, plastic packaging is often 
utilized besides glass jars and cans. The sealing layer of flexible plastic packaging consists 
commonly of polyolefins, such as PE or PP. This polyolefinic food contact layer is not completely 
inert and interacts also with the packed goods analogous to recycled cardboard and HMA. In 
general, the migration of substances should not exceed the overall migration limit (10 mg/dm² 
[9]). This overall migrate includes all substances whether known compounds without a SML or 
unknowns, such as oligomers, impurities and degradation products (NIAS). In 2008, Kroenert et 
al. [80] investigated migrates from PE films to characterize the main substances. According to 
the authors, the predominant proportion in the overall migrates is attributable to oligomeric 
material (34 % out of 1.2 mg per dm² for 95 % ethanol and 83% out of 5.6 mg per dm² for 
isooctane as simulant). With respect to the findings on mineral oils, Biedermann-Brem et al. [25] 
showed that polyolefin oligomers in the molecular range of C16-35, which is assumed to be 
toxicological relevant, can migrate up to 10 mg/kg into foods from polyolefinic FCM. For the first 
time, this approach dealt with the direct analysis of these undesirable compounds included in the 
category of NIAS. 
The analysis of the toxicologically relevant molecular mass fraction of polyolefin oligomers was 
also incorporated in this study and the migration of polyolefin oligomers (C16-35) into food was 
investigated (Chapter 6) for a known PE-based sealing layer. HPLC-HPLC(Ag+)-GC enables a 
more comprehensive view on the polyolefin migrates by distinguishing the oligomers into POSH 
and POMH, which was not included in previous publications. Therefore, a simulation with 
sunflower oil was performed for a PE sealing layer under pasteurization conditions (95 °C; 1 h). 
A transfer of 100% of POSH and 50% of POMH was determined. Different real food samples 
packed in the known sealing layer were also investigated: pasteurized tomato sauce (1% fat), 
pasteurized carbonara sauce (10% fat), frozen pesto (45% fat). As expected from the findings of 
[25], the pasteurized food with a moderate fat content (10%) showed the highest migration of 
polyolefin oligomers: POSH 1.5 mg/kg (≈70% transfer), POMH 0.4 mg/kg (≈30% transfer). The 
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investigations reveal that the migration of POH in the molecular range of C16-35 can be 
substantial, whereas the reason for the reduced migration or recovery of POMH compared to 
POSH has to be investigated in the future. The level of contamination is depending on the 
oligomer content of the sealing layer, fat content of the food, the processing temperature and the 
surface-volume ratio. Furthermore, a GCxGC analysis with a prior HPLC preseparation revealed 
a similar composition of the oligomers (branched and linear POSHOC, POMH, POSHCY) in the 
sealing layer and in the migrates (sun flower oil & carbonara sauce). A quantitative comparison 
was not possible due to interfering substances in the food matrix. However, the findings of this 
thesis could support the evaluation of hydrocarbon contaminations from polyolefinic packaging in 
foods and consequently the toxicological risk assessment demanded in Art. 3 of EU 1935/2004 
[5]. At the moment, there are no sufficient toxicological data about polyolefin oligomers available, 
but these substances could be of particular concern in the future. 
8.3. Hydrocarbon mixtures migrating from hot-melt adhesives 
Different kinds of adhesives are utilized in food packaging, such as in plastic FCM as well as in 
FCM consisting of paper and board. Hot-melt adhesives (HMA) used for closing folding boxes 
consist of paraffinic waxes, hydrocarbon resins and polyolefins. The latter two ingredients are of 
synthetic origin. An analysis regarding potentially migrating hydrocarbon mixtures were first 
published by Bradley et al. [30] in 2006. The authors investigated HMA among other adhesives 
and performed a GC-MS screening. Three of the investigated HMA exhibited a peak pattern 
unlike known from mineral oil hydrocarbons in GC. They observed distinct humps (2-4) of 
unresolved peaks in each sample. The mass spectra did not lead to sufficient library matches, 
but the authors assumed that some of these compounds originated from terpenes. A second 
paper about this topic was published by Canellas et al. [31]. They analyzed polyolefin-based 
HMA by head-space and conventional GC-MS. Predominantly saturated and aromatic 
hydrocarbons were identified. The n-alkanes (C10-26) were attributed to paraffins and the 
“polycyclic aromatic components” to a “wax, oil or hydrocarbon resin”. The first comprehensive 
approach including the investigation of raw materials of HMA has been incorporated in this 
thesis.  
In Chapter 7, it was shown that hydrocarbon resins, which are dedicated as tackifiers in the HMA 
formulation, were the predominant source of hydrocarbons with sufficient volatility to leave the 
adhesive matrix via gaseous phase (≤C24). Those were classified into saturated and aromatic 
hydrocarbons by HPLC-GC (method for mineral oils [1]) involving a PTV injector [90] as a filter 
for involatile residues. The concentration of saturated hydrocarbons (C16-24) in the resins 
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amounted 1-12 % and for aromatics up to 6 %. Since the HMA formulation includes up to 50 % 
tackifier resins, the total amount of these hydrocarbons in a HMA can theoretically reach 6 % 
and 3 %, respectively. The occurrence of polyenes (olefins) interfering the analysis was ruled out 
by 1H-NMR, which means that hydrogen signals from double bonds were only detected from 
aromatic origin [93]. The peak pattern in GC illustrates an interval of unresolved humps in 
accordance to [30]. A group-type analysis by GCxGC-MS according to [44] showed saturated 
and aromatic polycyclics within the complex mixture. The aromatics are assumed to be mostly 
non-polynuclear contrary to the findings on MOAH [38] [62]. Tentative chemical structures of the 
leachables from hydrocarbons resins (feedstocks: C5, C9, DCPD) were postulated for the first 
time. For a fully hydrogenated C5 resin, C5 tetramers (C19-22, predominantly C20) consisted of 
cycloalkanes with 3-6 rings due to the non-aromatic piperylinic monomers. For a partially 
hydrogenated C9 resin, C9 dimers (C17-20, predominantly C18) consisted of saturated and 
aromatic polycyclics according to its monomers, such as methylstyrenes and indenes. The 
quantitatively most important constituents were of C18 with 2-10 DBE: 2-4 rings including 0-2 
aromatic ones. An aromatic-modified DCPD resin, which involved cyclopentadienic/ 
dicyclopentadienic and aromatic (C9) feedstocks, was investigated for oligomeric substances 
(≤C24) as third example. The predominant compounds were saturated cyclopentadiene tetramers 
(C20) with 7 rings, whereas C18-21 compounds with 5-7 rings and partially with one aromatic 
moiety were also observed. The chemical structures of the oligomers from the three examples 
were partially similar to some MOSH structures, but different to most of the MOAH structures. 
The migration of hydrocarbon mixtures from other food packaging components than recycled 
cardboard is getting more and more into the public focus, especially for HMA. These adhesives 
used for closing cardboard boxes contain large amounts of hydrocarbons (>1 %) able to migrate 
via gaseous phase (C16-24) into foods like mentioned before. Previously, Barp et al. [33] showed 
that the used HMA released hydrocarbons up to 5 mg per kg food by performing a storage test 
for pasta (packed in virgin fiber boxes). If this contamination would be mistaken for MOH from 
recycled cardboard, the proposed limits of the German authorities would be exceeded easily. In 
this thesis, the migration from a HMA into rice was investigated for a commercially available 
sample from the supermarket. The concentrations of hydrocarbons observed in the bottom layer 
of rice (C16-24: 3.4 mg/kg) were in the same order of magnitude like the findings of Barp et al. 
[33]. The main source of migrating hydrocarbons within the HMA formulation were hydrocarbon 
resins like discussed before. In a first simulating test, the gas phase transfer, the small surface 
area of the HMA and the partition between cardboard, HMA and food seems to keep the 
migration low. Around 0.5-1.5 % of the hydrocarbons (C16-24) in HMAs were transferred into the 
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simulant (corn semolina; ambient temperature for 9 months). However, small sized packaging 
and food with higher fat content could lead to a higher degree of migration (around 10 %) 
exceeding the measured values of Barp et al. [33]. Since these UVCB substances from 
hydrocarbon resins are regulated in EU 10/2011 [9] and no SML was launched for hydrogenated 
petroleum hydrocarbon resins (FCM No. 97), the overall migration limit should be taken into 
account. The regulation of these contaminants is defined by physical properties of the complete 
petrochemical product, such as melting point and bromine number. For an analyst it is not clear, 
how to figure out if the measured compounds are covered by FCM 97. There seem to be no 
significant structural differences between oligomeric substances (C16-24) from approved 
hydrocarbon resins and from materials, which do not fulfill the specific physical properties. This 
FCM 97 was authorized based on an EFSA opinion on tritium-labelled polycyclopentadiene 
resins considered representative for all above materials [82]. A low uptake (0.69 %) was stated – 
surprisingly low compared to findings for mineral hydrocarbons summarized by EFSA [3]. 
Further, from the administration of 14 daily oral doses it was extrapolated that the half-lives in 
most tissues were in the range of 3.6-5.9 days, though longer ones for mesenteric lymph nodes 
(10.8 days) and abdominal fat (18.1 days). In the light of the more recent data on accumulation 
of certain MOSH in human tissues it would be interesting to know whether this experiment really 
proofs the absence of accumulating low molecular weight components in the mixture applied to 
the rats and whether the substance tested covers all hydrocarbons included in the category of 
petroleum hydrocarbon resins (FCM No. 97). Furthermore, the analytical and structural 
separation of these synthetic hydrocarbons and MOH seems to be impossible in routine analysis 
due to the limited separation power of one-dimensional GC without a mass spectrometric 
detector. A general limit of saturated and aromatic hydrocarbons in foods would probably solve 
the problem and would also avoid further misunderstandings in public. 
8.4. Synopsis, conclusion and outlook 
The research on FCM-related hydrocarbon contamination in foods is still a pioneer topic. This 
thesis contributes with different findings to the identification of hydrocarbon contaminants and 
their migration into food. The minimization of migrating substances from FCM, such as 
hydrocarbons and other NIAS, as well as the toxicological evaluation will be an on-going topic 
for academia, industry and regulators.  
Differentiation of hydrocarbons from various sources  
Synthetic hydrocarbons from polyolefins and hydrocarbon resins used in HMA have been 
specifically investigated in this thesis. A rough characterization into aliphatic and aromatic 
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hydrocarbons can be performed by the HPLC-GC method for mineral oils. For polyolefin 
oligomers, this analytical tool was extended with an additional HPLC preseparation by 
argentation chromatography: HPLC-HPLC(Ag+)-GC. It enables the preseparation of saturated, 
monounsaturated as well as aromatic hydrocarbons prior to GC analysis. This analytical tool can 
be implemented in HPLC-GC systems commonly used for the analysis of mineral oil 
contamination. The preseparation of the POMH fraction enables a differentiation of the source of 
the hydrocarbon contamination, since monoenes could be detected in polyolefin extracts but not 
in extracts of recycled cardboards. This means that MOH does not include monounsaturated 
hydrocarbons (POMH) and POH does not include aromatic hydrocarbons (MOAH including 
DIPN). Additional markers for mineral oils are hopanes and pristane/phytane (MOSH fraction). 
For a further structural elucidation of unknown hydrocarbon contaminants, GCxGC-MS is the 
analytical tool of choice. This technique was already used to characterize mineral oil 
hydrocarbons. The contribution of this thesis was the adaption on migrating hydrocarbons from 
polyolefins and hydrocarbon resins. Summarizing the key facts, Table 13 compares findings 
about structures, chromatograms, contents, migration and evaluation of hydrocarbon 
contaminants from different FCM. 
Table 13. Key facts of hydrocarbon contaminants from different FCM. 
 MOH 
(mineral oil hydrocarbons) 
POH 
(polyolefin oligomeric 
hydrcarbons) 
HCROH 
(hydrocarbon resin 
oligomeric hydrocarbons) 
Aliphatic 
hydrocarbons 
(MOSH fraction) 
 
 
 
Aromatic 
hydrocarbons 
(MOAH fraction) 
 
 
 
 
 
----- 
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 MOH 
(mineral oil hydrocarbons) 
POH 
(polyolefin oligomeric 
hydrcarbons) 
HCROH 
(HC-resin oligomeric 
hydrocarbons) 
Exemplary 
chromato-
grams 
(Section C16-35) 
MOSH + MOAH 
 
 
POSH + POMH 
 
HCROSH + HCROAH 
 
 
Concentration 
of hydrocarbons 
in the 
respective 
materials 
150-700 mg/kg  (C16-24) in 
the analyzed recycled 
cardboards 
300-1400 mg/kg (C16-35) in 
the analyzed sealing layers 
 
➢ LDPE: 600-2400 mg/kg 
(predominantly branched 
POSHOC, POSHCY and POMH) 
➢ LLDPE: 150-1400 mg/kg  
(predominantly n-alkanes, 
branched POSHOC and POMH) 
➢ HDPE: 800-3000 mg/kg 
(predominantly n-alkanes) 
➢ PP: 200-3000 mg/kg 
(predominantly br. POSHOC) 
Up to 60 g/kg (C16-24) in 
hot-melt adhesives 
estimated from conc. in 
analyzed tackifier resins 
 
➢ C5: 20-115 g/kg 
(predominantly saturated 
polycyclics) 
➢ C9: 5-55 g/kg 
(predominantly cyclo-
alkanes and aromatics) 
➢ DCPD: 15-120 g/kg 
(predominantly saturated 
polycyclics) 
Migration ≤100 mg per kg food 
according to [50] 
≤10 mg per kg food 
according to [25] 
≤5 mg per kg food 
according to [33] 
Regulations Future German regulation 
on recycled cardboards 
MOSH 
C10-16: 12 mg/kg 
C17-20: 4 mg/kg 
C21-35: 2 mg/kg 
MOAH 
C10-35: 0.5 mg/kg 
According to Art. 3 of Reg. 
(EC) 1935/2004, a risk 
assessment has to be per-
formed for NIAS, such as 
POH. 
According to Reg. (EU) 
10/2011:  
No SML for petroleum 
hydrocarbon resins, 
hydrogenated (FCM 97) 
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A further characterization of hydrocarbon contaminants and NIAS from FCM will be performed 
step-by-step in the future. Therefore, the development of new analytical methods, such as the 
fractionation of aromatic hydrocarbons (MOAH) by ring number, and the implementation of state-
of-the-art techniques like GCxGC are the key to success. 
Concepts to minimize or avoid food contaminations from FCM 
The avoidance of migrating hydrocarbons from FCM is of general concern. On the one hand, 
this issue was investigated in this thesis for functional barriers or adsorbents incorporated in 
cardboard folding boxes. A substantial decrease of the MOH migration from recycled cardboard 
was observed for three of the modifications. Incorporated active carbon as an adsorbent 
appeared to be most promising, because it avoided all routes of migration. However, the 
migration of other substances (apart from the focus on hydrocarbons) from recycled cardboard is 
of general concern. The migration of such unknown or non-regulated contaminants should be 
minimized as well, since a monitoring is assumed to be impossible due to the large number 
(>200) of compounds with a migration potential of >10 ppb in food. A concept of reducing 
migration from recycled cardboard in general by a factor of 100 seems to be reasonable to 
ensure safety and the further usage of this sustainable packaging material. 
The migration potential of synthetic hydrocarbons from adhesives or polyolefinic packaging can 
be minimized by the selection of raw materials. The potential to minimize migration by a factor of 
5 was observed for the sealing layers analyzed within this thesis. Depending on the raw 
materials used for the final product, the minimization factor could even be increased up to 20 
taking into account the findings on polyolefin granulates. The suitability and performance of 
polyolefin materials with low oligomeric content for different food contact products has to be 
shown in the future. A feasibility study should be performed to investigate the adaption in 
practice, especially for critical applications (e.g. pasteurized food with a high fat content).  
For hydrocarbon resins used in HMA, the contents of saturated hydrocarbons differentiate by a 
factor of 10 in the analyzed samples and aromatics can be avoided completely like shown for 
several examples. A selection of “low-migration” raw materials and the consideration of various 
parameters, such as physical properties of the material, processing temperature and surface-
volume ratio, could substantially reduce the migration potential of synthetic hydrocarbons in 
HMA.  
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Legal evaluation of migrating hydrocarbons from FCM 
The legal evaluation of migrating hydrocarbons from FCM generally depends on the packaging 
materials, which release these undefined mixtures into the food. For mineral oil components 
(C16-35) migrating from recycled paper and board, a German ‘Mineral Oil Regulation’ is in 
progress [89]. In its recent draft from July 2014 the content of MOSH and MOAH in these 
recycled fiber FCM is limited to 24 and 6 mg/kg, respectively. This limit can be exceeded, if it is 
proven that the migration into the respective food does not exceed 0.5 mg/kg for MOAH (≤C35) 
and 2.0 mg/kg for MOSH (C21-35). Further, the current migration limits of the BfR for MOSH 
(white oils used as solvents; C10-16: 12 mg/kg food; C17-20: 4 mg/kg food) have to be taken into 
account [18] [19]. 
Hydrocarbon mixtures released from HMA into food are regulated by FCM No. 93, 94, 95, 97, 
549, 550, 577 in Reg. (EU) 10/2011 [9] and in most of the cases without a SML. The overall 
migration limit (10 mg/dm²) covers these regulated substances. For polyolefin oligomers 
released from sealing layers representing NIAS, a risk assessment has to be performed to 
ensure their safety. An evaluation by Cramer classes would make sense, but this is excluded for 
(potentially) accumulating compounds. Contrary to the regulated substances of HMA, there is no 
sufficient toxicological data available for the different species of POH: POSH and POMH. 
Furthermore, it would be interesting to know whether some evaluations of paraffinic waxes (FCM 
94, 95) or petroleum hydrocarbon resins (FCM 97) used for HMA are still adequate in the light of 
the more recent data on accumulation of certain MOSH in human tissue. Even only these three 
examples show how difficult an evaluation of hydrocarbon mixtures in food migrating from 
different packaging materials can be.  
Additionally, hydrocarbon mixtures are also used as food additives, such as microcrystalline 
waxes (E905), or can enter the production chain at early stages (e.g. environmental 
contamination). These multiple routes of contamination lead to the fact that an enforcement by 
authorities is hindered. Since an analytical differentiation of several sources by multi-dimensional 
chromatography seems to be a Sisyphean task in routine analysis, a generally applied limit for 
an anthropogenic hydrocarbon contamination in food should be considered with respect to 
feasibility (as low as reasonable/technological achievable). In fact, a change from regulating 
each packaging material releasing hydrocarbons in significant amounts to regulating the 
concentration of these contaminants in the food, would help to monitor the potential concern and 
to enforce serious violations.  
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9. Materials and Methods 
9.1. Samples and reagents 
In Chapter 5, the LDPE and PP granulates were from Wipak GmbH (Walsrode, Germany). The 
cardboard and food samples were from a supermarket.  
In Chapter 6, the sealing layers, granulates and foos samples were from IVLV e.V. (Freising, 
Germany). The sun flower oil was from a supermarket.  
In Chapter 7, the HMA ingredients from various suppliers were provided by H.B. Fuller 
Deutschland (Lueneburg, Germany) and by Eastman Chemical (Capelle aan den IJssel, The 
Netherlands). The hot-melt adhesives HMC9, HMDCPD and the cardboard samples for the 
migration test were provided by a manufacturer of folding boxes. The risotto rice and polenta 
were from the local supermarket. The HMA, fresh fiber folding boxes, oat flakes and the packed 
products for the storage test were provided by H.B. Fuller Deutschland (Lueneburg, Germany).  
In Chapter 4, seven types of cardboard folding boxes, wheat flakes and the packed products 
were provided by a food manufacturer. In a production plant, 500 g wheat flakes (1.9 % fat; 
particle sizes: <10% <0.18 mm, 20-55 % 0.18-0.71 mm, 45-70 % >0.71 mm) were filled into the 
folding boxes with 8 dm² internal contact surface. The boxes were closed by means of a hot-melt 
adhesive selected to contain a low concentration of hydrocarbons eluted below the GC retention 
time of n-C24 (according to Chapter 5: 4 g/kg each of saturated and aromatic hydrocarbons in the 
HMA). The flakes were virtually free of MOH before packaging (<0.1 mg/kg MOSH and <0.1 
mg/kg MOAH). The filled boxes were stored either in a transport box of corrugated board (12 
standing boxes in 3 rows;  
Figure 38) which was wrapped in aluminum foil (in order to simulate the storage on a pallet), or 
without transport box, individually wrapped in aluminum foil. They were kept at 20 °C and 50 % 
relative humidity during 1, 3, 6, 9 and 12 months. 
    
    
    
 
Figure 38. Arrangement of the folding boxes in the transport box (view from top); dark grey: corner samples 
analyzed after 1, 3, 6 and 9 months; light gray, sample analyzed after 12 months. 
Acetone, methanol (MeOH), hexane, toluene and dichloromethane (DCM), all of HPLC grade, 
were from J.T. Baker (The Netherlands). Methyl-tert-butyl ether (MTBE) from Brenntag 
(Schweizerhall AG, Basel, Switzerland) was redistilled. Deuterated chloroform (CDCl3), 
84 Materials and Methods 
 
decamethyl cyclopentasiloxane (D5) and tetramethylsilane (TMS) were from Sigma-Aldrich 
(Steinheim, Germany). n-Undecane (11), cyclohexyl cyclohexane (Cycy), n-tridecane (13) , n-
heptadecane (C17), n-eicosane (C20), cholestane (Cho), n-pentyl benzene (5B), 1- and 2-
methyl naphthalene (1-MN, 2-MN), 1,3,5-tri-tert-butyl benzene (TBB), perylene (Per), 1,4-
diisopropyl-1-cyclohexene (DIPCH), 2-methyl-1-undecene (MU), 1-dodecene (12:1), 17-
pentatriacontene (35:1), 1,3-diphenoxy benzene (DPB), dipropyl phthalate (DPP), 4-methyl 
benzophenone (MBP) and triethyl citrate (TEC) were from Fluka/Sigma-Aldrich (Buchs, 
Switzerland). 1,11-dodecadiene (12:2) and 2,6-dimethyl-2,4,6-octatriene (10:3) were from TCI 
Europe N.V. (Zwijndrecht, Belgium). Silver nitrate and silica gel 60 of analytical grade were from 
Merck (Darmstadt, Germany). The internal standard (IS) solutions were prepared in toluene; the 
concentrations are listed in Table 14. The HPLC-GC analysis in Chapters 5 & 6 was performed 
with the regular IS for MOSH/MOAH and the substances 10:3, DIPCH, MU, 12:1, 12:2 and 35:1 
were left out.  
Table 14. Composition of the internal standard solution. 
Abbreviation Name Concentration 
[mg/l] 
Function 
11 n-Undecane 300 Loss of volatiles during 
transfer to GC 
Cycy Cyclohexyl cyclohexane 300 Quantification 
13 n-Tridecane 150 Identification help 
Cho Cholestane 600 Fraction end of saturates 
5B Pentyl benzene 300 Volatile 
1-MN 1-Methylnaphtaline 300 Quantification 
2-MN 2-Methylnaphtaline 300 Quantification 
TBB Tri-tert-butyl-benzene 300 Fraction start of aromatics 
Per Perylene 600 Fraction end of aromatics 
10:3 2,6-Dimethyl-2,4,6-octatriene 300 Trienes 
DIPCH 1,4-Di-iso-propyl-1-cyclohexene 300 Quantification 
MU 2-Methyl-1-undecene 300 Vinylidenes 
12:1 1-Dodecene 300 α-Olefins, fraction end of 
monounsaturates 
12:2 1,11-Dodecadiene 300 Dienes 
35:1 17-Pentatriacontene 600 Fraction start of 
monounsaturates 
 
9.2. Multidimensional chromatography 
9.2.1. Sample preparation 
For chromatographic analysis, some polyolefin granulates were milled (MM400 ball mill, Retsch, 
Haan, Germany). 300 mg were extracted with n-hexane at 60 °C for 24 h: to 300 mg sample, 10 
ml solvent and 20 μl IS were added. To check for the completeness of extraction, a second 
extract was performed with fresh hexane at 60 °C for 48 h; it contained less than 5 % of the 
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POH ≤C35. 50-100 mg HMA or its constituents (waxes, hydrocarbon resins) were dissolved in 50 
ml n-hexane (10-30 min in a supersonic bath) and diluted 1:10 (2.5 ml to 25 ml) with n-hexane. 
Then 25 μl IS were added. 
Dry foods (rice, wheat flakes, polenta) were homogenized and extracted with n-hexane overnight 
at ambient temperature: 20 ml solvent and 20 μl IS were added to 10-20 g food [38]. Cardboard 
was cut to small pieces and extracted with n-hexane/ethanol 1:1 during 2 h at ambient 
temperature (10 ml solvent and 20 μl IS added to 2 g cardboard; [84]). To 4 ml of this extract, 5 
ml water was added to separate the ethanol from the hexane phase analyzed. 
Migration was determined for two HMA, one with a partially hydrogenated C9 resin (HMC9), the 
other with a fully hydrogenated DCPD resin (HMDCPD) as tackifier. The HMA (1 g) were heated to 
170 °C and spread as a thin layer on 1 dm² of aluminum foil. In polystyrene Petri plates, two 
arrangements were tested for each HMA (Figure 39): the HMA without and with virgin fiber 
cardboard affixed onto it. On top, 3 g polenta (corn semolina of around 1 mm particle size) was 
spread. After 9 months at room temperature, the migration into the polenta was measured. 
Polenta was stored in the same type of Petri plate under the same conditions to check for 
interference by components from the polystyrene cell. 
 
Figure 39. Set-up for determining migration from HMA into polenta (corn semolina). 
9.2.2. HPLC-GC 
The HPLC-GC-FID method largely corresponded to that described by Grob and Biedermann 
[38]. Briefly, the HPLC-GC-FID instrument, supplied by Brechbuehler AG (Schlieren, 
Switzerland), involved a CTC autosampler (PAL HTC-xt, CTC Analytics, Zwingen, Switzerland) 
with a 100 μl syringe, a Thermo Finnigan Phoenix 40 triple syringe pump with four switching 
valves and a microUVIS 20 UV detector. The 250 x 2.0 mm i.d. HPLC column was packed with 
LiChrospher 60 Si 5 μm (VDS Optilab, Berlin, Germany). The Trace Ultra gas chromatograph 
(Thermo Finnigan) was equipped with a Y-interface, a PTV injector (glass liner with glass wool), 
a solvent vapor exit and a transfer switching valve. A 7 m x 0.53 mm i.d. uncoated precolumn 
was coupled to the vapor exit and a 15 m x 0.25 mm i.d. separation column coated in the 
laboratory with PS-255, a dimethyl polysiloxane, of 0.13 μm film thickness.  
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The MOSH fraction was eluted with n-hexane, the MOAH fraction with 70:30 
n-hexane/dichloromethane (300 µl/min). After the transfer of the fraction of choice to GC, the 
HPLC column was backflushed with dichloromethane and reconditioned with n-hexane. The 
fractions of 450 µl were transferred to GC by the retention gap technique and partially 
concurrent solvent evaporation [38]. Optional instead of the Y-interface, a PTV injector was used 
to prevent involatile material (HMA extracts) from contaminating the column inlet [90]; concurrent 
solvent recondensation (CSR) in the precolumn kept below the dew point of the solvent 
accelerated the transfer to the column and reconcentrated the initial bands of the volatiles by 
solvent trapping [99] [100]. The carrier gas (hydrogen) inlet pressure was 90 kPa during transfer 
and was reduced to 60 kPa when closing the solvent vapor exit. Timing for the closure of the 
vapor exit was adjusted to the solvent composition using the flame method [38]. Optimum 
settings were reached with a solvent peak of at least 2.5 min width. The oven temperature was 
programmed at 20 °/min from 55 °C (4 min) to 350 °C (5 min). The FID base block was held at 
380 °C. 
9.2.3. HPLC(Ag+)-HPLC-GC 
Figure 40 outlines the functioning of the on-line HPLC(Ag+)-HPLC-GC system for the 
preseparation of the saturated, monounsaturated and aromatic hydrocarbons, followed by on-
line GC-FID or off-line transfer to GCxGC-MS (steps from the top to the bottom). 
 
Figure 40. The configurations of the HPLC-HPLC system for preseparation of hydrocarbons into saturates 
(top), monounsaturates (center) and aromatics (bottom) followed by on-line GC-FID or off-line GCxGC-MS. 
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The HPLC-GC-FID instrument supplied by Brechbuehler AG (Schlieren, Switzerland) and the 
GC-setup were described in Section 8.2.2. The column installation in the switching valves is 
shown in Figure 41. The first column (250 x 2 mm i.d.) was packed with LiChrospher 60 SI, 5 μm 
(VDS Optilab, Berlin, Germany). An identical column was impregnated with silver nitrate: it was 
conditioned from hexane to water (DCM, MTBE, MeOH; 300 μl/min, 15 min each). Aqueous 0.3 
% silver nitrate solution (300 μl/min) was introduced through a 2 ml injection loop until silver ions 
were eluted, as detected by precipitation in a saturated sodium chloride solution, (which took 
2.7-3.1 min; 3 trials on different columns). Then the column was dismounted and heated in a GC 
oven to evaporate the water, using a temperature program of 0.1 °/min from 90 to 150 °C (2 h). 
After cooling it was flushed with acetone, MTBE, DCM and hexane (15 min each; 300 μl/min). 
The amount of silver ions remained in the column was calculated from that introduced by the 
solution (0.81-0.93 ml) and amounted to 1.5-1.8 mg (silver nitrate: 2.4-2.8 mg), corresponding to 
approximately 0.2-0.3 % of the column packing (0.63 g; density of silicagel 60, approximately 
0.8 g/cm3). 
 
Figure 41. HPLC setup for HPLC-HPLC(Ag+)-GC-FID with valves in the stand-by position. IN: injection valve, 
BF: back- flush valve, A: silica gel column, B: silver-impregnated column, L: 100 μl injection loop. 
The timing of the eluents and the valves is specified in Table 15. Only one fraction was 
transferred to GC per injection into HPLC. After the aliphatic fraction had reached the second 
column (3.5 min), column B was decoupled and the aromatic fraction transferred to GC or waste 
(4.0-5.5 min). Then, the system was switched from column A to column B and the fraction of the 
saturated hydrocarbons transferred to GC or waste (6.0-7.5 min). The elution window of the 
monounsaturated hydrocarbons was from 7.5 to 9.0 min. 
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Table 15. Timing of eluent and valve switching. 
Time [min] Mobile phase Flow rate 
[μl/min] 
Valve shifts 
0.0 100 % hexane 300 Valve IN to position 2 
0.9 100 % hexane 300 - 
1.0 70 % hexane, 30 % DCM 300 - 
3.5 70 % hexane, 30 % DCM 300 Valve 2 to position 2 
5.5 70 % hexane, 30 % DCM 300 Valve 2 to position 1; 
Valve 1 to position 2 
9.1 100 % DCM 300 - 
18.0 100 % DCM 300 BF valve to position 2 
18.1 100 % DCM 500 - 
24.0 100 % DCM 500 - 
24.1 100 % hexane 500 - 
30.0 100 % hexane 500 BF valve to position 1 
30.1 100 % hexane 300 - 
39.0 100 % hexane 300 Valve 1 to position 1 
48.0 100 % hexane 300 - 
 
The HPLC-GC method for MOSH/MOAH analysis (see Section 8.2.2.) was feasible with the 
same instrumental setup, permanently decoupling the silver-impregnated column B (valve 2 in 
position 2). 
Since no sample material is lost in a closed on-line system, the cuts of the fractions are most 
critical for validation: all components belonging to a given type must be included in the 
corresponding fraction. Cuts were validated by the help of the standards listed in Table 14 
(Section 9.1; page 83 ff.). Those monitoring the separation between the saturated and the 
aromatic hydrocarbons were the same as described in [38]: Cho and TBB. The standards 12:1 
and 12:2 (both with terminal double bonds) were eluted in the MOSH fraction, 10:3 in that of the 
MOAH, which means that all monounsaturated and probably most diunsaturated hydrocarbons 
reached column B, whereas olefins with more than two double bonds (including squalene and its 
isomerization products, often present in large amounts in foods) were included in the MOAH 
fraction. 
DIPCH was used for the quantification of the monounsaturated hydrocarbons (such as POMH), 
35:1 and 12:1 to mark the beginning and the end of this fraction, respectively, and MU for the 
verification that the vinylidenes were eluted in the fraction of the monounsaturated 
hydrocarbons. The gradient of the HPLC mobile phase was recorded by the UV detector 
(230 nm): the increase of the baseline enabled monitoring the breakthrough of the DCM and, 
hence, the retention performance of the columns and with that the elution of the aromatics from 
column A and of the monounsaturates from column B.  
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The fraction after the monounsaturates (9.0-10.5 min) was repeatedly analyzed to verify the 
correct elution of the standards. 12:2, transferred into the silver-impregnated column B together 
with the saturated and monounsaturated hydrocarbons, was eluted in this window and, thus, 
separated from the monounsaturates. The analysis of dienes of a polarity similar to that of 12:2 
was possible, but concentrations in the sample materials analyzed so far were below the 
detection limit. 
9.2.4. GCxGC 
For comprehensive gas chromatography, the method described in [44] was used. The TRACE 
gas chromatograph from Thermo Scientific (Milan, Italy) was equipped with FID and a Bench 
TOF-dx–mass spectrometer (Almsco International, Llantrisant, UK). The two-stage thermal loop-
modulator ZX-2 from Zoex Corporation (Huston, US) was run with a constant stream of 10 l/min 
air cooled at -84 °C and hot air at 400 °C pulsed every 6 s for 350 ms. The loop mounted in the 
modulator consisted of a 1 m section of the second dimension separation column. A 3 m x 0.53 
mm i.d. uncoated precolumn deactivated in the laboratory by phenyl dimethyl silylation was 
connected to a 15 m x 0.25 mm i.d. DB-17 separation column (50 % phenyl methyl polysiloxane, 
Agilent, Santa Clara, USA) with a film thickness of 0.15 µm. For the second dimension, a 2.5 m 
x 0.15 mm i.d. column coated in the laboratory with a 0.055 µm film of PS-255 (dimethyl 
polysiloxane, Fluka, Buchs, Switzerland) was used. The 30 cm x 0.20 mm i.d. deactivated fused 
silica transfer line to the ion source (at 300 °C) was heated to 330 °C. 
Either the samples were injected directly into GCxGC or preseparated into MOSH & MOAH or 
POSH & POMH fractions by HPLC as described in sections 8.2.2. and 8.2.3. (the transfer line 
being dismounted and feeding the relevant fraction into an autosampler vial). Before injection 
(1-10 µl), HPLC fractions were concentrated under a stream of nitrogen. n-Eicosane (C20) and 
1,3-diphenoxy benzene (DBP) were added in the syringe (0.5 µl of a 1 mg/l solution in hexane) 
as retention time standards (matching of the plots). Using FID, the carrier gas, hydrogen, was 
supplied at 85 kPa constant pressure. The oven temperature was increased at 5 °/min from 
70 °C (3 min) to 310 °C (1 min). Data was processed using GC Image software (Zoex 
Corporation, Houston, US). 
9.3. 1H NMR 
For the 1H-NMR analysis of the hydrocarbon resins, 50 mg sample was dissolved in 1.0 ml 
CDCl3 (internal standards: D5, TMS, 1.0 mg/ml each). D5 was used for quantification and TMS 
as a position standard for 0 ppm. The solution was measured with a DRX 500P NMR 
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spectrometer (Bruker) at 500 MHz. The recording parameters were set according to Helling et al. 
[101]: “temperature: 22 °C, number of scans: 128, spectral width: 10330 Hz, acquisition time: 
3.17 s, resolution: 0.158 Hz per point, frequency sample rotation: 20 Hz, pulse delay: 1 s, pulse 
angle: 30°.” 
9.4. Functional barriers on cardboard 
9.4.1. Identification 
The barrier layers were characterized by Fourier transform infrared spectroscopy (FT-IR) with 
attenuated total reflection (ATR) technology (Thermo Scientific FT-IR Nicolet iS5 with iD5-
element, diamond crystal, Dreieich, Germany). The spectra of the polymers were compared with 
a database of own reference materials or by using the integrated database of the OMNIC-
Software 9.2.86 (‘HR Spectra Polymers and Plasticizers by ATR’, Thermo Fisher Scientific Inc., 
Dreieich, Germany). For multilayer coatings, the layers were separated and analyzed 
individually [22].  
The thickness of the barrier layer was determined as described in [22]. Microtome cuts (5 µm) 
were made utilizing a manual rotary microtome (Leica RM 2035, Wetzlar, Germany) and 
characterized by a transmitted light microscope with polarized light (Meiji MX 400L, Axbridge, 
UK) involving a digital camera (dhs pixel-fox®; mounted on the microscope) and pixel-fox 4.01 
processing software (dhs Dietermann and Heuser Solution GmbH, Greifenstein-Beilstein, 
Germany). 
9.4.2. Test for barrier efficiencies 
Barrier efficiencies were determined as described in [49]. Briefly, donor paper was spiked with 
surrogates (500 mg/kg TEC; 300 mg/kg C17, DPP, MBP) and tightly attached to the outer 
surface of the cardboard with the help of aluminum foil and tape. A silicone paper used as 
receptor was placed on the food contact side to pick up the compounds permeated through the 
barrier. The test packs were placed into an oven at 40 or 60 °C to accelerate migration. The 
breakthrough of surrogates was determined as percentage of the concentration in the receptor 
after simulation and of the equilibrium concentration in the receptor, the latter being determined 
by warming all parts in a glass vial for 10 d at 40 °C. Extraction of the receptor was perfomed 
with MTBE (10 ml) and 10 µl IS solution was added (300 ppm cycy in MTBE). Extracts were 
injected into GC-FID (TRACE, Thermo Scientific, Milan, Italy) by the concurrent solvent 
recondensation (CSR) splitless technique [100] [99]. A 15 m x 0.25 mm i.d. separation column 
coated with OV-1701-OH (0.25 µm film) was equipped with a 7 m x 0.53 mm i.d. deactivated 
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pre-column. The temperature program proceeded from 50 (7 min) to 320 °C by 10 °/min. 
Hydrogen (carrier) was supplied at a constant pressure of 60 kPa. 
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